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Zusammenfassung
In dieser Arbeit beschreibe ich die Entwicklung eines elektrostatischen Positionierungssys-
tems (EPS) zur Verbesserung der Startbedingungen von Testmassen im Freifallexperiment
zum Test des schwachen Äquivalenzprinzips. Die Äquivalenz von träger und schwerer
Masse ist eines der grundlegenden Prinzipien der Physik. Eine Form dieses Prinzips ist das
schwache Äquivalenzprinzip (Weak Equivalence Principle, WEP), auch bekannt als Uni-
versalität des freien Falls (UFF). Es besagt, dass Testkörper mit vernachlässigbarer Selbst-
gravitation sich in einem Gravitationsfeld unabhängig von ihren Eigenschaften verhalten.
Das WEP wurde in den vergangenen Jahrhunderten mit Hilfe verschiedener Methoden
immer genauer überprüft. Meine Literaturrecherche zeigt, dass es überraschend wenige
Freifallexperimente mit makroskopischen Testmassen gibt und diese die Genauigkeit von
anderen Methoden bisher nicht erreicht haben. Am Fallturm Bremen wurde 2001 mit
Hilfe eines Freifallexperiments mit hochpräzisen, supraleitenden Quanteninterferenzein-
heit (Supraconducting Quantum Interference Device, SQUID) Sensoren das WEP anhand
zweier frei fallender Testmasse bis zu einer Genauigkeit von η < 10−7 untersucht. Mittels
Verbesserungen der einzelnen Komponenten des Experiments und vor allem der Startbe-
dingungen der Testmassen, soll eine deutliche Verbesserung der Genauigkeit möglich sein.
Die Schwerpunkte der Testmassen sollen auf 0,3µm genau aufeinander positioniert und
die Geschwindigkeit der Testmasse auf unter 0,1 mm/s minimiert werden. Dazu wurde
ein elektrostatisches Positionierungssystem (EPS) in axialer Richtung entwickelt sowie
die ersten Ergebnisse der Charakterisierung des Prototypen dargestellt. Neben dem ex-
perimentellen Aufbau mit seinen einzelnen Komponenten wird die Regelung im Detail
beschrieben. Es werden die charakteristischen Größen des Systems definiert und an-
schließend die Experimente beschrieben, die durchgeführt wurden, um diese zu bestim-
men. Mit Hilfe einer Präzisionswaage konnte die Kraft des EPS auf die Testmasse un-
tersucht werden. Diese Ergebnisse helfen bei der Modellierung des Systems. Anhand
von verschiedenen Positionierungen der Testmasse wurde die Positioniergenauigkeit des
EPS und weitere charakteristische Größen sowie Systemeigenschaften untersucht. Eine
überraschendes Resultat ist, dass das EPS mit und ohne Erdung an der Testmasse be-
trieben werden kann, ohne dass die Reglerparameter angepasst werden müssen, lediglich
ein Skalierungsfaktor ändert sich. Die Charakterisierung liefert Anhaltspunkte für eine
Vereinfachung und Verbesserung der Elektronik, die in Zukunft bei der Entwicklung eines
radialen EPS hilfreich sein wird. Die Kombination beider EPS wird die Startbedingungen
der Testmassen und die Bedingungen der SQUID Sensoren signifikant verbessern. Damit
wäre ein großer Schritt getan, um die Genauigkeit des Freifallexperiments zum Test des
WEP auf bis zu η < 10−13 zu verbessern.
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Abstract
In this work I describe the development of an electrostatic positioning system (EPS) for
improving the starting conditions of the test masses in a free fall experiment to test the
weak equivalence principle. The equivalence of intertial and gravitational mass is one of
the fundamental principles in physics. One version of this principle is the weak equiva-
lence principle (WEP), also known as Universality of Free Fall (UFF). It says, a test mass
with neglectible self gravitation behaves independently of its properties in a gravitational
field. In the recent centuries, the WEP has been investigated by using different methods.
My literature recherche shows, that surprisingly few free fall experiments using macros-
copic test masses have been performed. And their results have not reached the accuracy of
other methods jet. At the drop tower Bremen, a free fall experiment using high precision,
Supraconducting Quantum Interference Device (SQUID) sensors was developed. In 2001
it tested the WEP by measuring the difference between the accelerations of two test masses
falling freely with an accuracy up to η < 10−7. By improving the different components of
the Experiment and especially the starting conditions of the test masses, an improvement
in the accuracy of several orders should be possible. The center of mass of the test masses
should be positioned in the same place within 0.3µm und their velocities should be mi-
nimized to 0.1m/s. Therefore, a electrostatic positioning system (EPS) in axial direction
was developed und the first results of the characterisation of the protoptype are presented
in this work. The experimental set-up and the controller are described in detail. Charac-
teristic parameters of the system are defined and the experiments to determine them are
described. By using a high precision weighing balance, the force exerted on the test mass
by the EPS was measured. This results help to modell the system. Measurements of diffe-
rent positionings of the test mass were used to determine the position resolution of the EPS
and other characteristic parameters. A suprising result of these measurements is the EPS
can be used with and without the wire connected to the test mass for electrically grounding
it. The parameters of the controller had not been changed between both measurements and
only the scaling factor to convert the voltage signals into position signals changes slight-
ly. The results of the characterisation provide new aspects for simplifing and improving
the axial EPS and developing an radial EPS in the future. The combination of both EPS
will improve the starting conditions of the test masses and therefore the conditions for the
SQUID sensors significantly. This will be a main step in improving the accuracy of free
fall test of the WEP up to η < 10−13.
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1. Introduction
1.1. Motivation
The weak equivalence principle (WEP), i.e. the equality of gravitational and inertial mass,
is one of the fundamental principles in physics and is therefore examined more accurately
with high effort. To make further progress, it is very important to improve the experiments
and their components, such as the electrostatic positioning system (EPS) in the free fall
experiment to test the WEP on the Bremer drop tower for positioning a test mass (TM) in
free fall experiment, which is characterized in this thesis.
In Physics, it is distinguished between inertial and gravitational mass. The inertial mass
is the proportionality between the force acting on a body and the acceleration, with which
the body reacts to the force, when it is in an inertial reference system. The gravitational
mass is the property of a body to attract another body gravitationally or to be attract by
another body gravitationally. Several experiments in the past centuries have shown, that
the mass properties are equivalent or identical expect for a proportionality factor with high
accuracy.
A consequence of the weak equivalence principle is the Universality of Free Fall (UFF),
which states that test bodies, which are electrically neutral and so small that inhomo-
geneities of the gravitational field can be neglected, move the same way in a gravitational
field, regardless of their mass and their material composition [176].
One method to test the WEP is to examine the free fall of two test masses made of differ-
ent material compositions. As a measure of the deviation from the coincidence of inertial
and gravitationel mass is the dimensionless quantity η , which is often known as Eötvös
Faktor. First evaluable free fall experiments to test the WEP were performed by KURODA
& MIO [82, 83], CAVASINNI [19] and NIEBAUER ET AL. [107].
Since 1994 another free fall experiment to test the WEP was developed at the drop tower
Bremen in a cooperation between the Center of Applied Space Technology and Micrograv-
itation (Zentrum für Angewandte Raumfahrttechnologie und Mikrogravitation, ZARM) of
the University of Bremen and the Friedrich-Schiller-University (FSU) of Jena. In 2001
this experiment tested the WEP for two test masses made of lead and silicon, respectively,
with an accuracy of η < 10−7 [109]. Theoretical studies have shown that the used Supra-
conducting Quantum Interference Device (SQUID) Sensors could achieve a much higher
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accuracy of η = 10−13 when used under optimal condictions [167].
In this thesis one focus is to show, how the components of the free fall experiment to test
the WEP are improved. Particular attention is paid to the positioning of the test masses at
the beginning of the free fall test. This was previously done with a magnetic positioning
system consisting of a magnetic levitation for positioning of the test mass in axial direction
and positioning and stabilisation of the test mass in radial direction. However, the magnetic
fields of the positioning system affects the high precision SQUID sensors, which are used
to measure the positioning of the test masses. Moreover, it is not accurate enough for
the high demands on the starting conditions of the test masses, and too slow as a passive
positioning system for the limited time of 4.74 s. Therefore, it should be replaced by
an electrostatic positioning system (EPS). This system is separated in an EPS in axial
direction and a second EPS in radial direction. In this thesis, the EPS in axial direction was
developed and tested. The results are preparatory work for the EPS in radial direction.
1.2. Outline of the Thesis
After this introduction the work is divided into three parts.
In part I an overview of WEP tests in past, present and furture is shown. In section 2 a
short introduction to the measurement field is given and some used definitions are given,
the Eötvös factor is explained and a possible WEP violation is described. In chapter 3.1
WEP tests in past, present and furture are described, starting with an overview diagramm
and then describing the experiments classified by their methods. First ideas of philosophers
in the antique are described in section 3.2, followed by pendulum experiments in section
3.3 and torsion balance experiments in section 3.4. The free fall experiments in section 3.5
are divided into four subcategories: free fall experiments on ground with macroscopic test
masses in section 3.5.1 and with microscopic test masses in 3.5.2, free fall experiments in
the stratosphere in section 3.5.3 and satellite mission in section 3.5.4. Last but not least
the WEP test using orbit oszillations of celestial objects like the Moon and the Earth are
presented in section 3.6. This part is finished with a conclusion of the experiments and its
meaning for this work as a kind of state of the art for this field of experimental research in
section 3.7.
In part II deals with the free fall experiment at the drop tower Bremen for testing the
WEP by using high precision SQUID sensors. In chapter 4 the state of the art of free fall
experiments to test the WEP at the drop tower Bremen is given. In section 4.1 the free fall
experiment to test the WEP done in 2001 by a cooperation of ZARM and FSU Jena and its
results is described. Reasons for further developments and the need of an enhanced free
fall experiment to test the WEP are given in section 4.2. In chapter 5, the concept and the
conditions of an enhanced free fall experiment to test the WEP with a higher accuracy is
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described. The realisation and actual status of each component of the enhanced free fall
experiment is described in detail in chapter 6.
In part III the focus lies on the development and characerisation of the electrostatic posi-
tioning system for improving the starting conditions of the test masses. In chapter 7 a short
description of the state of the art in electrostatic positioning systems in space missions is
given. In section 8 the operating principle of the EPS is described in detail. In chapter 10
the adjustment and calibration of the system is described. Here the characteristic parame-
ters of the EPS are defined and limited to the disturbances of the system. In chapter 11 the
force excerted by the EPS on the test mass is investigated by a separat experiment using
a high precision weighing balance. Those results can be used for developing a modell of
the EPS. In chapter 12 the characteristic parameters are investigated by positioning the test
mass to different positions and analysing the step responce of the system. This chapter
finishes with a summary of the characterisation of the EPS in axial direction.
The chapter 13 summarizes this work and its results and gives an outlook on further im-
provements and future work on the EPS and the free fall experiment.
Appendices and the bibliography can be found in the end of this work.
1.3. Publication
Some results of this thesis will be published in the paper [150], which is in the review
process now. The paper is based on the following chapters and sections:
cha. 2, sec. 4.1, cha. 7, cha. 8, cha. 9, cha. 10, sec. 11.1 to 11.3, sec. 12.4, sec. 12.4.2 and
sec. 12.6.

Part I.
Overview of experiments to test the
WEP
5

2. Fundamental principle
2.1. Weak equivalence principle
The equivalence principle is one of the most discussed and measured principles in physics,
still waiting for the statement of being valid or not. There are even different forms of the
equivalence principle with different formulations and the exact definitions are still under
discussion, like in the recently released publication of DI CASOLA ET AL. [35]. Following
their reasoning, one definition of the equivalence principle is Newton’s Equivalence Prin-
ciple (NEP), which says, that in the Newtonian limit1, the inertial and gravitational masses
of a body are equal. The present work deals with the Weak Equivalence Principle (WEP),
which says, that test particles with negligible self-gravity behave, in a gravitational field,
independently of their properties. The WEP is also known as the Universality of Free Fall
(UFF).
1907 EINSTEIN generalized the weak equivalence principle for all laws of special relativ-
ity [45]. So this moderate form of the equivalence principle for the Newtonian gravity was
now by Einstein’s general theory of relativity basis for the curved spacetime [176]. There-
fore, this principle is known as Einsteinian equivalence principle (EEP) [176]. It takes into
account all physical phenomena except gravity [23]. WILL summarizes the demands of
EEP as follows [176]:
1. WEP is valid.
2. The outcome of any local non-gravitational experiment is independent of the velocity
of the free-falling reference frame in which it is performed (local Lorentz invariance
(LLI)).
3. The outcome of any local non-gravitational experiment is independent of where and
when in the universe it is performed (local position invariance (LPI)).
One consequence of the LLI is that the physical laws are independent of the speed in local,
free-falling experiments. One consequence of the LPI is that the various physical constants
must always and everywhere have the same value.
By replacing all non-gravitational laws of physics in the EEP by all laws of physics, one
1In the Newtonian limit gravitational fields are weak and motions are slow compared to the speed of
light [35].
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gets the strong equivalence principle on which Einstein’s theory of relativity is based [23].
This takes into account all phenomena of physics including gravity, so it is the strong form
of the equivalence principle (Strong Equivalence Principle, SEP).
A violation of the SEP may produce the Nordtvedt Effect, which says, that if the gravita-
tional binding energy (gravitational self-energy) is not part of the inertial and gravitational
mass of Earth or Moon in same ratio, they would fall at different rates in the gravitational
field of the sun and distance between earth and moon would change [118].
2.2. Eötvös factor
To measure the equivalence between gravitational and inertial mass, the following dimen-
sionless quantity η , often called EÖTVÖS factor, is used [175]:
η = 2
(
mg
mi
)
A
−
(
mg
mi
)
B(
mg
mi
)
A
+
(
mg
mi
)
B
, (2.1)
with mi being the inertial mass and mg the gravitational mass of two test masses made of
different materials A and B. If the weak equivalence principle is valid, then gravitational
and inertial mass are equal (mi/mg = 1) and η = 0. If this applies to all pairs of test
masses
(mg/mi)A = (mg/mi)B, (2.2)
then gravity is independent from the test masses and can only be a property of space and
time .
2.3. Possible violation of the WEP
All unifying theories like the General Relativity extended by light scalar fields, the string
theories or supersymmetric theories, predict a possible violation of the WEP. Therefore it
is very important to experimentally measure the WEP as precisely as possible. The best ex-
perimental results currently available, obtained by ANDERSON & WILLIAMS using Lunar
Laser Ranging (LLR) limit the range for a possible violation of the WEP experimentally
to η < 1.5× 10−13 [5]. In their theoretical study from 1994 DAMOUR & POLYAKOV
showed that the present level of violation of the universality of free fall maybe somewhere
between 10−14 and 10−23 [29]. Further studies by ADLER in 2006 estimated a range for η
between 10−14 and 10−19 for a possible WEP violation [3]. This was confirmed by studies
of MESTER ET AL. in 2009 and OVERDUIN ET AL. in 2009 and 2012 with a range for η
between 10−13 and 10−18 [99, 120, 121].
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To measure the WEP as good as possible is a winwin situation, wether a WEP violation
is detected (positive result) or not (null result). "‘A null result would force existing con-
straints on these couplings down to unnatural levels, indicating that new approaches to
unification and/or dark energy maybe required"’ [99, 120]. A positive result would be
equal to detection of a new force of nature [99, 120]. So every improvement in sensitivity
of WEP tests will bring new insights.

3. Overview of experiments to test the
WEP
3.1. Classification of WEP tests
Over the last three and a half centuries, different experiments to test the WEP have been
developed, which can be divided into four methods:
1. Experiments performed with pendulums.
2. Experiments using a torsion balance.
3. An intuitive method are free fall experiments on earth.
4. Methods using celestial bodies and their movement with respect to each other to test
the WEP in space.
In the following, an overview of experiments for each method and their results for the
accuracy of the WEP is given. Fig. 3.1 summarises all results in one diagram.
3.2. First Investigations
Since the antique, many scientists and philosophers have studied gravity. First ideas of
the weak equivalence principle go back to the Greek philosopher ARISTOTELES in the
4th century BC. He observed that heavy bodies move downwards in the water, while light
bodies move upwards. He therefore assumed that heavy bodies generally fall faster to the
ground than lighter bodies [16]. In the 1st century BC, the Roman poet and philosopher
LUCRETIUS claimed the opposite of Aristotles, namely that bodies fall regardless of their
weight in a vacuum to the ground at the same speed of fall [24,94]. 517 BC JOHN PHILO-
PONUS claimed that the difference between two falling test masses of varying weight was
very small [151].
In the 16th century, the topic free fall was investigated by different scientists again. In 1545
and 1551 the Spanish Dominican theologian and philosopher FRANCISCO DOMINGO DE
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Figure 3.1.: Summary of WEP tests done in the past and planned for the future and their re-
sults. For results marked with one asterisk, corrected values of their reanalysis
have been used for this diagram. All results show upper limits for a possible
WEP violation, except those marked with two asterisks.
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SOTO published his lectures on Aristotelian physics at the University of Salamanca, in
which he documented the law of free fall [147, 173]. In 1554, GIOVANNI BATTISTA
BENEDETTI disproved Aristoteles‘ theory in the following, simple thought experiment:
Two bodies of the same material, which are connected by a line, falling at the same rate as
each of the two bodies alone [8]. And also the Flemish engineer SIMON STEVIN showed
in 1586 that two objects of different weights fall with exactly the same acceleration [154].
GALILEO GALILEI continued the considerations at the end of the 16th century. It is often
written that he had examined the free fall by dropping two objects from the Leaning Tower
of Pisa, watching them hitting the ground simultaneously. This is not documented in his
works, it is only evident by his biography written by is student VINCENZO VIVIANI [44].
The freefall experiment would hardly have been possible because no chronometer at the
time was accurate enough to investigate the falling times of the two balls. Therefore
GALILEI slowed the movement of a falling ball by making them roll down an inclined
plane [54]. He also performed experiments with pendulums of different materials. Using
their oscillations or periods, he made conclusions about the acceleration of different test
masses. Exact accuracies for Galileo’s pendulum experiments are very difficult to find. Of-
ten accuracies in a range from 10−2 to 10−3 are given. For example, CHEN & COOK note
an accuracy of η < 2×10−2 for test masses of lead and cork, respectively [21]. According
to his documents, he found no significant difference between the different materials. From
these experimental results, we can conclude that two balls, which are dropped from the
same height, hit the ground at the same time.
3.3. Pendulum method
The first experiments comparable to those done today were made by NEWTON in 1687.He
measured the WEP with pendulums of different materials up to 10−3 [106]. BESSEL
reached an accuracy of 2×10−5 by using a more precise determination of the length of the
wire of the pendulum in 1830 [10, 11]1. He used different materials like iron, zinc, lead,
silver, gold, loadstone, marble, clay, quartz or water. In 1909, THOMSON for the first time
measured the WEP for a radioactive substance. He used a small amount of radium and
reached an accuracy of just 5× 10−4 [160]. However, he estimated that the WEP could
be violated for radioactive substances at an accuracy below 7.7× 10−5 [160]. This was
disproved in 1910 by SOUTHERNS, who measured an accuracy of 5× 10−6 for uranium
oxide [152]. In 1923 POTTER confirmed the former results for different materials with
2×10−5 to 6×10−6 [127].
1The results were published in 1832 for the year 1830.
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3.4. Torsion balance method
There is only one experiment with a conventional beam balance done by SPEAKE &
QUINN in 1988, which proved the WEP up to 5× 10−12 [153]. All other experiments
with this method have been done with a torsion balance like those invented independently
by DE COULOMB in 1777 and MICHELL in 1783 [95]. In 1798 CAVENDISH was able to
measure the attraction of masses with the torsion balance of MICHELL2 [20]. Nearly 100
years later, in 1889, EÖTVÖS proved the WEP with a torsion balance up to 5×10−8 in the
gravitational field of the Earth [46]. Therefore experiments of this method are also called
EÖTVÖS experiments. EÖTVÖS improved the experiment 1891 up to 6× 10−9 by using
the Sun instead of the Earth as a gravitational source [47]. In 1918 ZEEMAN measured
the WEP with a small torsion balance up to 5×10−8 [187] and confirmed the results from
EÖTVÖS in 1889. EÖTVÖS continued his work with the torsion balance until his death in
1919. His assistants PEKÀR and FEKETE finished his work and published it in 1922 in his
name with a result of 5×10−9 for different test mass materials [48]. POTTER measured in
1927 the WEP with a torsion balance with an accuracy of 6.7×10−8 [128]. In 1935 REN-
NER, who also worked with EÖTVÖS on the torsion balance, published in his PhD thesis
an accuracy of 5.2× 10−10 [133]. From 1961 on, the research group led by DICKE built
a new torsion balance with three test masses in a triangular frame. In 1964, ROLL ET AL.
measured the WEP with this experimental set-up with an accuracy of 3×10−11 [135]. And
they reanalyzed the data from older experiments and corrected the value of the experiment
done by EÖTVÖS ET AL. in 1922 from 5× 10−9 to 9× 10−9 and that done by RENNER
in 1935 from 5.2× 10−10 to 4.2× 10−10 [135]. BRAGINSKY & PANOV used a torsion
balance similar to that of DICKE and reached 1972 an accuracy of ηsolar = 9× 10−13 for
two test masses of aluminium and platinum, respectively, in the gravitational field of the
sun [16]. This value was the best value for nearly 30 years not only for torsion balance
experiments. In the end of the 1970s KEISER & FALLER displaced the fiber in their torsion
balance with a so called fluid fiber. They let test masses made of copper or tungsten float
on fluids like water at its highest density and fixed their position by an electrostatic system.
Influences on the test mass like a possible violation of the WEP can be measured via the
control signal. In 1979, they obtained an accuracy of 10−10 [75] and in 1982 an accuracy
of 4×10−11 [74]. Together with KEYSER, they calculated that values between 10−13 and
10−14 are possible [50].
In 1986, FISCHBACH ET AL. reanalyzed the data from EÖTVÖS ET AL. and came to the
conclusion that the data allow the indication of a fifth force [51].
There is still no clear result for the existence of a fifth force, except that more accurate
experiments are needed. THIEBERGER performed another experiment with a fluid fiber in
1986 and published his results in 1987 [159]. With a hollow copper sphere floating freely
in water near a cliff, he measured an acceleration of a = (8,5±1,3)×10−10 m/s2, which
showed a significant deviation from the local acceleration, indicating a possible violation
of the WEP for η < 1,3× 10−9. In contrast, BIZZETI ET AL. made a comparative ex-
2MICHELL was the first person to propose the idea of black holes [101].
3.4. Torsion balance method 15
periment with a more symmetric apparatus near another cliff in 1989 with an accuracy of
2,4×10−12 without any violation of the WEP [12].
The research group led by ADELBERGER - the so called Eöt-Wash Group - built a tor-
sion balance, too, and improved the experiment continuously until HECKEL ET AL. from
this research group proved the WEP in 1989 up to 1× 10−11 [62]. In the same year,
BENNETT reached an even better accuracy of 5.3× 10−12 by measuring the force of a
changing amount of water exerted on copper and lead test masses [9]. He used a torsion
balance located near the Little Goose Lock on the Snake River in eastern Washington,
in which the water level was changed periodically to allow the passage of boats and to
provide a gravitational source for the experiment. In 1990, ADELBERGER ET AL. con-
firmed their own result of 1× 10−11 from 1989 [1]. In 1994, SU ET AL. measured and
calculated an accuracy of ηterr(Be,Al + Cu) = (−1.1± 1.9)× 10−12 for a test mass of
beryllium and a test mass of an alloy of aluminium and copper in the field of the Earth and
of ηsolar(Si,Al+Cu) = (−1.6±1.2)×10−12 in the field of the Sun [155]. In 1999 SMITH
ET AL. observed the differential acceleration of a test body made of copper toward an
attractor made of lead of aCu−aPb = (1.0±2.8)×1013 cm/s2 [149]. They say, this should
be compared to the corresponding gravitational acceleration of 9.2×10−5 cm/s2. Divided
by g0 this gives η = 9.4× 10−8 [149]. It was ADELBERGER in 2001 who improved the
result of BRAGINSKY & PANOV with η = 3× 10−13 [2]. In 2008, SCHLAMMINGER ET
AL. could top that result another time with ηterr(Be,Ti) = (0.3±1.8)×10−13 [144], which
is up to today the most precise result for the WEP for torsion balance experiments. Only
measurements of the Lunar Laser Ranging are more accurate (see section 3.6).
With the torsion balance, the WEP could not only be tested for test masses in the grav-
itational field of the Earth or the Sun, but also in the gravitational field of other inter-
stellar gravity sources like the cosmic microwave background or dark matter. However,
these results are less precise than those reported above. The best accuracy for the cos-
mic microwave background as the gravitational source was reached by SU ET AL. in
1994 with the value of ηCMB(Si/Al,Cu) = (−1.3±3.8)×10−2 for a test mass of silicon
and aluminium and a test mass of copper [155]. The best accuracy for dark matter as
gravitational source was measured by SCHLAMMINGER ET AL. in 2008 with a value of
ηDM(Be,Ti) = (−4±7)×10−5 for two test masses of beryllium and titanium [144].
Because of seismic vibrations and gravitational disturbances, it is difficult to improve tor-
sion balance experiments further. To overcome these limiting effects, it is planned to
bring a beam balance into space with the Italian satellite mission Galileo Galilei (GG)
[111–115]. Simulations and error budget analysis propose an accuracy of 10−17 by us-
ing a fast rotating accelerometer with two test masses [55]. The mission has finished the
Phase A and A2 studies and is ready for Phase B [55]. To develop the experiment and
test it on ground at 1 g, a prototype called GG on ground (GGG) was created, which
is able to test the WEP up to η = 7× 10−11, but it is assumed by calculations to reach
η = 1×10−16 [110, 111, 114, 115].
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3.5. Free fall method
3.5.1. Free fall methods based on ground with macroscopic test
masses
This subsection starts with free fall experiments using macroscopic test masses. Tests with
microscopic test masses (particles) will be described afterwards in this section.
In the 17th century, BOYLE is one of the first persons performing experiments in evacu-
ated tubes. He performed free fall tests with feathers or pieces of paper, respectively, in a
tube whether with or without air [15]. In 1717, DESAGULIERS demonstrated the at that
time already known coin and feather experiment to King George I, and a few days later
to the Royal Society led by NEWTON [34]. Until today, experiments of this kind are very
popular and often shown to pupils and students, using different materials. In 1971, during
the Apollo 15 mission of the Apollo programme by National Aeronautics and Space Ad-
ministration (NASA), this experiment was demonstrated on the moon. Astronaut SCOTT
dropped an aluminium hammer and a falcon feather from a height of about 1.6 m and, in
frame of ability, saw them hitting the ground simultaneously [4]. 1982 WORDEN mea-
sured the WEP by using a free falling test mass restricted to one direction by a magnetic
bearing up to an accuracy of 1.0×10−4 [182] In 1984 SAKUMA ET AL. measured in an-
other free fall experiment the WEP with an accuracy of 1× 10−8 [138]. CAVASINNI ET
AL. measured 1986 the rotation of a free falling disc made of two halves of different ma-
terials, and proved the WEP up to 1×10−10 [19]. The first scientific free fall experiment
with two separate test masses was done by NIEBAUER ET AL. in 1987. They measured
the absolute position of two test masses of uranium and copper with an interferometer and
proved the WEP up to 5× 10−10 [107]. Two years later, in 1989, KURODA & MIO re-
peated the experiment with different materials with an accuracy of 1.0× 10−10 [82, 83].
In 1992 CARUSOTTO ET AL. repeated the disc experiment with aluminium and copper
with an accuracy of 7.2×10−10 [17]. In the 1990s, a collaboration of the research group
led by DITTUS at ZARM, University of Bremen and the research group led by VODEL
at the Friedrich-Schiller University (FSU) of Jena developed a free fall experiment at the
drop tower Bremen. With a 110 m drop height and 4.74 s free falling time, they reached in
2001 an accuracy of 1.7× 10−7 [109]. Under optimal conditions, the used high sensitive
SQUID sensors measure positions with an accuracy of 10−14 to 10−15 m
√
Hz resulting in
an accuracy of the WEP of 10−14 to 10−15 [169, 170]. Under realistic conditions 10−13
could be reached [172], but further developments are necessary.
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3.5.2. Free fall methods based on ground with microscopic test masses
Next to the tests with macroscopic test masses there have also been several tests with
microscopic test masses, which measure the WEP using particles, e.g. protons. On the one
hand, these experiments have the advantage of pure test mass materials and reproducible
test masses. On the other hand, it is not possible to measure the accelerations of the
particles differentially. They have to be measured directly and they have to be compared
with accelerations of macroscopic test masses obtained from the experiments described
above by using
η = 1− gmicro
gmacro
. (3.1)
Here gmicro is the local acceleration of the free particles calculated from the intensity dis-
tribution at the detector, and gmacro is the local acceleration for macroscopic test masses
(bulk material) [21]. Another problem is, that the forces acting on the particles remain
small even in the gravity field of the Earth. Therefore, the signals to be detected are very
small and the resolution of these experiments are not as good as those obtained by experi-
ments with macroscopic test masses.
In 1947 ESTERMANN ET AL. measured the velocity distribution of rays of potassium and
caesium atoms in the gravity field of the Earth, and showed by this way the WEP being
valid up to a few per cents [49]. In 1951 MCREYNOLDS tested neutrons and improved
the result up to η = 4×10−2 [96]. Five years later, in 1956, DABBS ET AL. extended the
flight way (180 m) and used a crystal filter to reach a resolution of η = 4×10−3 [26]. In
1964 CRANSHAW & SCHIFFER measured the red shift of photons with the MÖSBAUER
effect on gamma rays with a resolution of η < 2.0×10−2 [25]. Further improvement lead
to η < 1.0×10−2 by POUND & SNIDER in 1965 [129].
Another way to learn something about gravity is to examine the gravitation of antimatter.
Therefore the gravitational properties of matter and antimatter have to be measured and
compared. To compare the properties of positrons with those of electrons, WITTEBORN &
FAIRBANK started a WEP test with free falling electrons and reached in 1967 an accuracy
of η < 9.0×10−2 [181]. In 1976 KOESTER ET AL. measured via a neutron gravity refrac-
tometer the potential of neutrons in free fall in comparison with the potential of neutrons
in a liquid. For 18 different liquids with 11 different elements like carbon, hydrogen and
chlorine, they determined the validity of the WEP up to η = 2.5×10−4 [78, 79]. GOLD-
MAN ET AL. published 1987 some considerations about the validity of the WEP up to an
accuracy of 10−14 for antimatter, and suggested experiments with antiprotons, positrons
and antihydrogen, which at that time lacked the technical equipment [57]. 1988 KRAUSS
& TREMAINE measured the free fall of neutrinos and photons and reached an accuracy of
η = 5× 10−3 [81]. Fifty years after ESTERMANN ET AL. (see above) PETERS ET AL.
investigated the free fall of free atoms, too. However, they used an atom interferometer
and reached a resolution of 10−8 for free caesium atoms in 1997 [124] and 3× 10−9 for
free sodium atoms in 1999 [122]. They plan further improvements, e.g. control of Coriolis
effects, to increase the resolution by one order of magnitude [122]. In 2004 FRAY ET AL.
tested the WEP for free falling rubidium atoms by using an atom interferometer, too. They
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measured the difference between the accelerations of the two isotopes 85Rb and 87Rb in
the gravitational field of the Earth with an accuracy of η = (1.2±1.7)×10−7 and of atoms
in two different hyperfine states with an accuracy of η = (0.4±1.2)×10−7 [52]. Further
experiments with free falling atoms in an atom interferometer with a higher accuracy be-
tween 10−15 and 10−19 are planned, for example by DIMOPOULOS ET AL. [36, 37]. 2004
WALZ & HÄNSCH produced antihydrogen and decelerated it below 1 m/s for measuring
its acceleration in free fall with a sensitivity of 9.7×10−4 [174]. Further experiments with
antimatter are planned, for example in the projects Antimatter Experiment: Gravity,
Interferometry, Spectroscopy (AEgIS) or Gravitational Behaviour of Antihydrogen
at Rest (GBAR) by the European Organization for Nuclear Research (CERN) [76, 137].
Another planned experiment with microscopic test masses is the Free Fall of a Bose-
Einstein-Condensate (BEC) at the drop tower Bremen carried out by the QUANTengase
Unter Schwerelosigkeit (QUANTUS) and Prism Multi Object Survey (PRIMUS) collabo-
ration [63, 105]. In 2013 the demonstration of a BEC interferometer in microgravity was
successful [105]. An atom chip as a robust and fast source for feeding an interferometer
with a BEC consisting of about 104 87Rb atoms was used. With further improvements, this
experiment is expected to reach a sensitivity of 5.5× 10−13 [105]. Another free fall ex-
periment on ground is the project Principle Of the Equivalence Measurement (POEM)
at the Harvard-Smithsonian Center for Astrophysics. Two test masses in 0.5 m distance in
a co-moving vacuum chamber were bounced on a kind of trampoline 0.9 m up and down
several times. To test the WEP, the shifting between the test masses is measured. With
a time average over several bounces, a sensitivity of 5× 10−13 can be reached and an
improvement on ground up to 1 ×10−14 is possible [130, 131].
3.5.3. Free fall methods in the stratosphere
The experiments on ground find some restrictions because of suboptimal experimental
conditions. To overcome these problems, some experiments not based on ground, but in
the stratosphere are planned. One of these projects is Sounding Rocket Principle Of the
Equivalence Measurement (SR-POEM), which puts the experiment of the project POEM
(see above) on a sounding rocket to expand the time of free fall for improving the sensitiv-
ity of the WEP test up to 2×10−17 [131, 132]. Another non-ground based method of free
fall experiments is the Einstein Elevator. This experiment goes back to the gedankenex-
periment of EINSTEIN [60]: for a person in an elevator with no windows to look outside,
it is not possible to distinguish if the elevator is accelerated in a field free space, or if it is
in the gravity field of a huge mass. Today this elevator is realized as a capsule which is
dropped from a balloon in the stratosphere falling freely (except the air drag) in the gravi-
tational field of the Earth [6, 22, 92, 93, 139]. Inside the capsule, in an evacuated cryostat,
a detector with two test masses falls freely without air drag. It is rotating about an axis
perpendicular to the falling axis (horizontal axis) to modulate the signal for better detec-
tion [6]. It is planned to reach a resolution of a few 10−15 [6]. The mission General
Relativity Accuracy Test (GReAT) is an experiment, which will take place in an Einstein
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Elevator to reach this resolution [65–67]. A test facility named Gizero was proposed in
the 1990s for experiments like this [68, 69], but it was suspended in 2003 [189].
3.5.4. Free fall methods in space
Experiments are planned to take place in space where conditions are even better: seismic
vibrations are strongly reduced and the time of free fall is extended as long as desired or
repeated periodically.
The French space mission MICRO-Satellite à traînée Compensée pour l’Observation
du Principe d’Équivalence (MICROSCOPE, µSCOPE) is a micro-satellite of the Cen-
tre National d’Etudes Spatiales (CNES) Myriade series. It is developed by a collabora-
tion between CNES, Office National d’Études et de Recherches Aérospatiales, Châtil-
lon, France (ONERA), Observatoire de la Cote d’Azur (OCA), Centre National de la
Recherche Scientifique (CNRS), ZARM, and the Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig. It is planned to determine the WEP with an accuracy up to η =
1.9× 10−15 [163, 165]. It is thought to measure the force necessary to keep two test
masses in position during their free fall in a drag free satellite. The launch is actually
planned for the beginning of 2016 [166]. In 1992 the space mission Satellite Energy Ex-
change (SEE) was proposed [142] and discussed [77, 143] to observe the mutual orbital
perturbation of two test bodies co-orbiting in the gravity field of the Earth to measure the
exchange of energy between them. This energy exchange was envisaged in 1897 by DAR-
WIN [31] and 1981 and 1983 experimentally observed between co-orbiting satellites of
Saturn [32, 33, 184]. Among other experiments, a test of the WEP will be possible up to
η = 1× 10−16 [140, 141]. Furthermore, this satellite mission can also be used for a co-
mission proposed by MOFFAT & GILLIES to measure the zero-point vacuum energy to test
the WEP with a 1% resolution of the possible WEP violation expected above [102]. The
most precise experiment planned today is the American-European space mission Satellite
Test of the Equivalence Principle (STEP) [120, 183]. It will measure the differential
acceleration of two test masses in free fall in a drag free satellite up to a sensitivity of
η = 1×10−18 [86, 100].
3.6. Orbit oscillations of celestial bodies
Having different material compositions, the Earth and the Moon can be seen as two test
masses in the gravity field of the Sun. By observing their orbits the WEP, the Strong
Equivalence Principle (SEP) and the influence of self gravity (NORDTVEDT effect) can be
tested [116,117,119,178]. A good overview is given in the living review “Tests of Gravity
Using Lunar Laser Ranging” by MERKOWITZ [98].
In 1687 NEWTON observed the orbit of the Moon and calculated the distance between the
20 3. Overview of experiments to test the WEP
Earth and the Moon. This data can be used for a WEP test using the Earth and the Moon
as free falling test masses in the gravity field of the Sun with an accuracy of η = 10−3
[106]. In 1825 LAPLACE improved the calculation method and reached an accuracy of η =
2.9×10−7 [84]. POINCARÉ continued this work in 1908 with an accuracy η = 2.0×10−8
[125]3. Afterwards, only a more precise measurement of the distance between Earth and
Moon could increase the accuracy. This was possible with a pulse-echo method with lasers
called Lunar Laser Ranging (LLR). Therefore several reflectors have been installed on
the surface of the Moon during the Apollo missions 11, 14 and 15 between 1969 and
1971 [4]. The first analysis of the Lunar Laser Ranging data was done by WILLIAMS
ET AL., who tested the WEP in 1976 with an accuracy of η < 1.5× 10−11 [177]. In
the same year SHAPIRO ET AL. improved the data analysis of the LLR and reached an
accuracy of η < 7× 10−12 [146]. In 1988 NORDTVEDT improved the result up to η <
5× 10−13 [117]. With further data and better calculations in 1996 WILLIAMS ET AL. in
the working group of DICKEY, at the Jet Propulsion Laboratory (JPL), measured the WEP
with η = 4.6× 10−13 [178]. MÜLLER & NORDTVEDT analyzed the same data in 1998
and reached an accuracy of η = 4.0× 10−13 [104]. One year later BAESSLER ET AL.
confirmed the result with η = 4.4× 10−13 [7]. In 2001 NORDTVEDT analyzed the LLR
data and corrected the accuracy up to 2.0×10−13 [119]. And finally in 2001 ANDERSON
& WILLIAMS improved the result to η = (−0.7±1.5)×10−13 [5], which is until finishing
this thesis the best test of the WEP not only in the method of orbit oscillations, but of all
test methods. This result was confirmed by several further studies. WILLIAMS ET AL.
reached 2012 an accuracy of ηy(−0.8±1.3)×10−13 [180] and MÜLLER ET AL. reached
an accuracy of η < (−1.4± 1.6)× 10−13 [103]. Further improvements are planned, for
example by further collecting data as the reflectors are still working and averaging over a
longer time. However, a significant increase in accuracy is only to be expected with the
above described space missions like MICROSCOPE, GG or STEP.
3.7. Need for further experiments
Not all of the experiments described in this chapter show a high accuracy. Yet it is im-
portant to perform tests of the weak equivalence principle in many different ways [21]. At
their time, the classic pendulum tests were a great way to learn more about inertial and
gravitational masses and to perform the first tests of the weak equivalence principle and to
learn more about the error sources to be observed. Torsion experiments are still the most
accurate experiments to test the weak equivalence principle. They are stationary in rela-
tion to Earth, and allow experiments in relation to other sources such as the sun or other
galaxies. In contrast, free fall experiments examining test masses with a velocity relative
to the Earth. Experiments with elementary particles examine all basic components of mat-
ter and do not have the disadvantages of macroscopic test masses. With no ground-based
3This value was corrected to η = 1,7×10−8 by DAMOUR & VOKROUHLICKY in 1996 [30]
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experiments such as the satellite missions much better accuracies will be possible. The
measurements by Lunar Laser Ranging are already the most accurate tests of the weak
equivalence principle. With the beam balance experiments high resolutions are also possi-
ble and, moreover, much larger test masses (a few kilograms instead of some grams) can
be examined.

Part II.
Optimization of the WEP free fall
experiment
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4. State of the art
4.1. First free fall experiment at the drop tower Bremen to
test the WEP
In this chapter the first, already published free fall experiment to test the WEP at the
Bremen drop tower is described and its results are presented. This section is based on the
summary in the publication [150].
With free fall experiments the WEP was measured with an accuracy of up to η = 1.0×
10−10 [19, 82, 83] (F Section 3.5.1), while other methods have reached an accuracy of up
to η = 1.4×10−13 [179] (see Section 3.6). Thus, there is great interest in improving free-
fall experiments to test the WEP. Therefore, the expected signal of a possible violation
of the WEP must be as large as possible. This can be achieved on the one hand site
by an appropriate choice of materials of the test masses and on the other hand site by a
longer measuring time, meaning a longer drop distance in terrestrial free fall experiments
[39]. Another way to increase the accuracy of the free fall experiments is to minimize
the disturbances of the desired signal and to reduce the noise of the environment of the
experiment. Here, the thermal noise caused by temperature gradients, the mechanical
noise caused by air resistance, and the vibrations near the test masses play important roles.
And the influence of the gradient of the gravitational field of the earth is even larger. It
can only be minimized by maintaining optimum initial conditions. It is important that
the centers of gravity of the test masses are as close as possible, coincide if possible, and
the test masses at the beginning of the free fall experiment have the lowest velocities and
accelerations possible. Another way to improve the free fall experiments consists in the
use of the most robust and the most sensitive sensors for a very small signal, for example
SQUID sensors.
Since 1994, a free fall experiment with SQUID sensors to test the WEP was built in co-
operation of several working groups from various institutes, among other in the Deutsches
Zentrum für Luft- und Raumfahrt (DLR) of the Helmholtzgesellschaft supported project
“Entwicklung eines Gradiometers auf der Basis von DC-SQUIDs für ein Gravitationsex-
periment am Fallturm Bremen” (funding reference number 50 WM 94 38) [167]. In 2001,
the differential acceleration between two test masses made of lead or silicon could be mea-
sured in free fall in the gravitational field of the Earth and the WEP could be confirmed
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with an accuracy of 1×10−7 [109].
The drop tower at the Zentrum für Angewandte Raumfahrttechnologie und Mikrogravi-
tation (ZARM) at the campus of the university of Bremen is a ground-based laboratory
for microgravity, in which free-fall experiments for a variety of investigations can be per-
formed. The drop tube, in the sheltered inside of the drop tower, provides with a drop
distance of 110 m and a drop time of 4,74s (respectively meanwhile 9,3s with a catapult)
optimal conditions for WEP tests in free-fall [38, 40, 167–169, 171, 172]. The experiment
is located inside a drop capsule. To improve the quality of the microgravity, the air resis-
tance during the free fall is reduced by evacuating the drop tube to a pressure of 1 to 10 Pa
bevorehand. To further reduce the remaining accelerations on the experiment, the experi-
ment in the drop capsule is integrated in another drop capsule, the Free Flyer [172]. The
Free Flyer falls in the drop capsule, which is braked against the Free Flyer by the resid-
ual gas in the drop tube for approximately 0.25/,mm throughout the free fall. The gas in
the drop capsule thereby effects residual accelerations on the Free Flyer at approximately
10−7 m/s2 [41], so that the noise limited acceleration resolution of the Free Flyer has a
value of approximately 3×10−6 g0√
Hz
[109].
At the beginning of the experiments, first the drop capsule and then the Free Flyer in the
drop capsule are released. Afterwards the test masses are positioned and also released.
Depending on the duration of these operations, up to 2.5 s from the 4.7 s free fall time
remain for measurements until the deceleration. This is a significant improvement to the
0.3 s measuring time in previous WEP free fall experiments. During the deceleration, first
the test masses, then the Free Flyer are clamped and afterwards the fall capsule is safely
decelerated in a deceleration chamber. Thus, all components can be reused for other free
fall experiments.
During free fall the expermient needs a stable temperature with a tolerance of ±0.1 K
[167]. Therefore, a cryogenic system is used. This reduces the thermal noise and min-
imizes thermal gradients and drift in the experiment. The experiment in the cryostat is
protected against the disturbing influence of external magnetic fields by an experiment
chamber with lead shielding and Mylar R© foil1 [109, 167, 168].
To be able to test the WEP with a accuracy of 10−13, the position resolution of the SQUID
position detector must be ∆z ≤ 10−12 m [38, 40, 167]. For a measuring time of at least
1 s this means that the centers of the test masses have to be positioned precisely with ≤
1 µm in the middle of the workspace of the SQUID sensors at the beginning of the experi-
ments [38–41, 109, 167, 171].
It is neccessary that the test masses do not leave the working range of the SQUID sen-
sors during the measurement. Therefore, their velocity at the end of the positioning and
at the beginning of the measurement must be smaller than 0.5µm/s, better 0.25 µm/s
[109, 167, 167, 169, 171, 185]. Since the release of the test masses generates small mo-
mentums, the test masses experience slightly different starting velocities. However, their
1Mylar R© foil is a polyester film manufactured of polyethylene terephthalate (PET) by DUPONT TEIJIN
FILMS TM.
4.1. First free fall experiment at the drop tower Bremen to test the WEP 27
difference must be smaller than ∆v0 = 10µm/s [40,167]. The requirements for the starting
velocities also set limits to the allowed start accelerations of the test masses. These should
be lower than 10−6 m/s2, otherwise the velocities during the measurement time are too
great and the test masses leave the working range of the SQUID sensors [185].
In order to realize the start conditions, a positioning system is required. In this experiment,
it consists of two parts: a position control, which positions the centers of mass of the test
masses in the same point in the axial direction and thus compensates the gravity gradient
in the vertical plane [172]. And a magnetic leviation, which positions the centers of the
mass of the test masses in the same point in radial direction and stabilizes the test masses
in radial direction [172].
A good method to improve the accuracy of the free fall experiment is the use of more sen-
sitive sensors than in previous WEP free fall experiments. The most sensitive sensors for
magnetic flux known today, are the SQUID sensors [109, 167, 185]. They measure signals
in the range of Planck’s constant [80].
The experiment was developed in the way, that the small displacements of the test masses
cause a change in the magnetic flux of the system and by that transform the position
equaly in a magnetic flux, which can be measured by the very sensitive SQUID sen-
sors [38, 39, 108, 168].
The function of the SQUIDs is due to two effects, which can be observed only by cryo-
genic temperatures in the absence of superconductors: flux quanitization in superconduct-
ing loops and JOSEPHSON effects [97, 167, 185]. Moving relativly to a coupling coil of
the SQUID a superconducting body acts as an superconducting magnetic tuning, which
changes the inductance of the coupling coil and thereby the magnetic flux in the supercon-
ducting coupling coil circle, that ist detected by the SQUID [38–41, 97, 167, 168].
For these experiments a high-performance Low Temperature Superconductor DC SQUID
(LTS-DC-SQUID) system was developed at the Institut für Festkörperphysik of the Fried-
rich Schiller University, Jena, with an extremely low noise level even in an unshielded
environment [38, 168, 171, 172].
Different laboratory tests have been developed and performed to find the optimal design of
the experimental set-up [39] to investigate the properties of the SQUID position detector
[168] and measure the WEP. First, the spectral flux density of the SQUID was measured.
In 1996 NIETZSCHE calculated in his thesis [109] a theoretical value of:
δΦSQUID,theor = 4×10−7Φ0/
√
Hz (4.1)
for an optimal pick-up current of I = 200 mA, with the magnetic flux quantum Φ0 = 2×
10−15 Vs. This value was confirmed in measurements for the used SQUID [53, 108, 172].
Subsequently, the sensitivity of the SQUID sensor and its dependency on the pick-up cur-
rent was investigated. The position sensitivity of the SQUID sensor increases linearly with
the increasing pick-up current I0 up to the system boundary of Imax = 200 mA. Therefore,
this current has been set as the optimum value for the free fall experiment [171]. With a
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coupling current of I0 = 200 mA a position resolution of the SQUID system of
δxexp ≈ 4×10−14 m√
Hz
(4.2)
was measured [109] (see also [53, 167, 169]).
After this preliminary investigation the WEP could finally be investigated in free fall.
For a measuring time of 0.65 s and a position resolution of 6× 10−9 m√
Hz
a differenial
acceleration of both test bodies of ∆a = (2.7× 10−7± 1.7× 10−6) m/s2 could be deter-
mined [109] (see also [172]). This corresponds to an Eötvös coefficient of η = ∆a/g =
2.7× 10−8± 1.7× 10−7. That means, the WEP is valid up to an accuracy of 1.7× 10−7
for the materials used in this experiment [109] (see also [172]).
However, theoretical calculations predict a better outcome. With a position resolution of
δx = 4×10−14 m/√Hz measured in laboratory and assuming that a pure measuring time
of tm = 2.5s stays after releasing the Free Flyer and after positioning the test masses, an
accuracy of η of
ση = 8×10−15 (4.3)
can be estimated [185]. However, the accuracy in the experiment will not exceed an esti-
mated value of η = 10−13 because of disturbing effects like magnetic background fields,
mechanical vibrations of the drop capsule after the releasing or tides of the liquid helium
in the cryostat [167, 169] (see also [38–41, 168]).
4.2. Reasons for further developments
The first free fall experiment had not reached its potential accuracy. One reason is that
the SQUID sensors had not been used under optimal conditions and therefore could not
show their full performance. Thus, after 2006 different components of the experiment
have been further developed in the Deutsche Forschungsgemeinschaft (DFG) supported
project “Verbesserter Freifalltest zum Test des Schwachen Äquivalenzprinzips” (funding
reference number 50 WM 05 34).
5. Concept and conditions of the
advanced free fall experiment
5.1. Concept of the advanced free fall experiment
The concept of the advanced free fall experiment stays the same as for the first free fall
experiment: The difference of position of two free falling test masses of different materials
is measured precisely with high sensitive SQUID sensors. In the beginning of the free fall
the initial conditions of the test masses have to be well defined, therefore an electrostatic
positioning system positions the test masses, so their centers of mass coincide (see 5.1) and
their velocities are minimized. Then the positioning systems is switched off and releases
x
z
y
outer test mass inner
test mass
centers
of mass
centers
of mass
coincide
Figure 5.1.: Positioning of two cylindrical test masses.
the test mass to free fall and the SQUID sensors can measure the difference between their
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positions. Fig. 5.2 shows a principle sketch of the experiment with electrodes of the EPS
and the pick-up coils of the SQUID sensors next to the test masses.
x
z
electrodes for sensors and actuators in axial direction
electrodes for sensors and actuators in radial direction
coils for high sensitive sensors in axial direction
outer test mass
inner test mass
g
Figure 5.2.: Sketch of arrangement of the electrodes and coils (marked in different col-
ors) for detecting and controlling the positions of two test masses (marked in
different shades of gray).
5.2. System analysis
Since the advanced system should reach an accuracy for the WEP test up to η ≤ 10−13, it
is neccessary to analyse the first system and define the conditions for the advanced system
and its components. Then the different improvements can be planned and components can
be developed further. Under optimal conditions, the SQUID sensors used here have a noise
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of δ z = 4×10−14 m/√Hz, which means with a measurement time of about 4s they could
measure the WEP with an accuracy of ∆a/g ≤ 9× 10−15 [185]. Thus, a major improve-
ment of the accuracy of η can be reached by optimizing the conditions for the SQUID
sensors. This is the main goal of the development of new components for the advanced
free fall experiment.
To reach an accuracy of η ≤ 10−13 it is neccessary to reach a resolution of acceleration of
10−12 m/s2, which means the SQUID sensors have to measure the position with a resolu-
tion up to 8 ·10−12 m.
Therefore defined starting conditions for the test masses at the beginning of the free fall are
very important. Since the gravitation gradient during free fall in the drop tower Bremen
is 3× 10−6 (m/s2)/m, this means the centers of mass of the test masses have to coincide
better than ∆z0 = 0.3µm. And the test masses should not leave the working range of the
SQUID sensors during the measurement, therefore the relative velocity of the test masses
at the beginning of the measurement has to be smaller than ∆v0 = 0,1µm. To fullfill these
starting conditions is goal of the electrostatic positioning system (EPS), decribed in the
last part of this thesis.
All further conditions for the experiment are derived from these goals and are divided in
the following sections according to the components they affect.
5.2.1. Test masses
The most important components in this experiment are the two test masses, whose position
should be determined very precisely during the free fall. The following conditions are
imposed at the test masses:
1. The form of the test masses should be chosen so that the test masses can be posi-
tioned in a way that their centers of mass coincide as congruent as possible.
2. The material of the test masses should be chosen so that the effect of a possible
violation of the WEP gets as great as possible.
3. The material should have a relative low density variation over the dimension of the
test mass (< 10−4) to enable a positioning of the test mass based on its center.
a) To make the differential acceleration caused by the earth field gradient negligi-
ble, the centers of the two test masses have to be close together.
b) Differential accelerations by disturbing masses in the vicinity of the test masses
must also be negligible.
4. For the positioning and the position detection, the test masses must have suitable
areas for the used sensors.
5. The wall thickness of the test masses must be large enough to ensure mechanical
stability.
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6. The weight of the test masses should be small enough for a good and rapid position-
ing, but large enough for the manufacturing and coating.
7. For a calibration with the support structure, the test masses have to be manufactured
with high precision, i.e. manufacturing tolerances in the micrometer range.
8. Test masses of non superconducting material have to be coated with a superconduct-
ing layer for the use with SQUID sensors.
Material of the test masses
The material of the test masses should be selected so that a possible violation of the WEP
becomes large enough to be detected (see demand 2). Since the possible causes of such a
violation still have to be determined, also the characteristics of the ideal materials have to
be defined. There are several theoretical assumptions which properties may play a role, e.g.
number of baryons, excess of neutrons or nuclear energy. In 1994 DAMOUR & BLASER
have developed a method [28] [13, 14, 27] for finding a well concidered selection for the
test mass material. The required values for many elements can be found in the pivot-
elements-scheme, see tab. 1 in [28] or tab. 1 in [27]. Or they can directly be compared in
a graphical overview, see fig. 3 in [120].
After first calculations [28], the following material selection should be optimal for the
test of the WEP: {(LiH,V), (CH2,U)}. However, the elements uranium, lithium hydride
or polyethylene are not suitable for the production of high precision test masses. Thus,
the technical feasibility is another criterion for the choice of materials. The following
combinations of materials for the test masses can be found: {(Be,Si), (Si,Be), (Be,Au)} or
{(Be,Si), (Si,Au), (Au,Be)} [28].
For the mission STEP, test masses made of the materials Pt, Nb and Be have been chosen
[120]. For the mission MICROSCOPE, titanium for the outer test mass and platinium-
rhodium for the inner test mass have been chosen [64].
The precise location of the center of the masses can be influenced by the inhomogeneity
of the test masses. If the error for the Eötvös-factor should be smaller than 10−13, the
inhomogeneity of the test masses must be lower than ∆ρ/ρ ≈ 10−4.
Geometry of the test masses
The gravitational field of the Earth, in which the test masses fall, has a gradient, which
can affect the test masses in different ways. In the worst case, the two test masses can
experience different gravitational accelerations whithout a violation of the WEP. This has
to be avoided at all costs. The influence of the gradient could be minimized by positioning
the centers of the test masses in the same place. This can be achieved best by selecting
a geometry of the test masses making it possible to positioned the test masses inside one
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another.
Further possible gravitational effects by disturbing masses must be kept to a minimum
or affect both test masses equally and thus change the accelerations of the test masses
equally. This can be achieved by choosing a suitable geometry of the test compounds.
Two concentric hollow spheres with their centers of masses at the same position would be
optimal. Since this cannot be realized technically and their differential movement could
not be detected, the best choice are cylindrical test masses and determing the remaining
disturbances (e.g. the gravitation of the surrounding structure).
The influence of the gravitation field is strongly dependent on the shape and the size of
the test masses. To assess the quality of the selection quantitatively, LOCKERBIE ET AL.
introduced a dimensionless factor, the suszeptibility of the differential acceleration χdi f f
[87, 89]:
χdi f f (~R) =
∆az
a
, (5.1)
where ∆az is the differential axial acceleration induced between two test masses and a is
the acceleration, which is experienced by the test masses in the gravitation field of a point
mass source at a distance of ~R.
Another source of disturbance studied by LOCKERBIE ET AL. is the electrostatic patch-
effect [85]. Different charge distributions on the test mass can have an influence on the
motion of the test mass, especially if the test mass rotates around a magnetic bearing
(z-axis) like it is planned in the mission STEP. This causes an axial movement, which
would superimpose an acceleration due to the possible violation of the WEP, if the rotation
frequency and signal frequency are very similar. Thus, different charge distributions have
to be avoided. Or, the rotation of the test mass has to be minimized.
Weight of the test masses
The positioning of the test masses must be performed quickly to use most of the free fall
time (4.74s in the drop tower of Bremen) for measurements (desirable up to 4.0s), Due
to the inertia a light test mass can move faster than a heavy test mass. Therefore it makes
sense to use light test masses.
5.2.2. SQUID positioning sensors
Very sensitive sensors are needed to determine the position or the displacement of the test
very precisely. Therefore, a precise position detector based on a SQUID was developed at
the Friedrich-Schiller-University of Jena [108]. The SQUID sensor is the most sensitive
sensor for magnetic fluxes. Any process variable that can be converted into a magnetic
flux can be measured very precisely, that means in the range of Planck’s constant, by the
SQUID sensor. The SQUID sensor uses two physical effects: First, the quantisation of the
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magnetic flux in the supercondutor1 and the Meissner-Ochsenfeld-effect2 and second, the
Josephson-effect3.
The SQUID provides a voltage signal, which is proportional to the displacement of the test
mass. The bias current of the SQUID is chosen so that the voltage signal at the output of
the SQUID is maximum. However, the signal is still very small and has to be read out by
a specially developed SQUID electronic to reach high accuracy. The SQUID electronic
uses the lock-in-method with a flux-locked loop to measure even the smallest changes in
the magnetic flux up to a fraction of a flux quantum.
The noise of the detector was investigated in the first free fall experiment [167]. It reaches
a position resolution of
δxexp ≈ 4×10−14 m√
Hz
. (5.2)
Dynamic range of the SQUID sensors
The dynamic range of the SQUID, the ratio between the working range and the resolution
power, can be set by the maximum movement xmax of the test mass allowed during the
measuring time. For an accuracy of the experiment of η = 10−13, the resolution of the
SQUID sensors has to be δxexp ≈ 4×10−14 m√Hz . In order to resolve a relative acceleration
of less than 10−12 m/s2, the position must be measurable up to 8×10−12 m. At this reso-
lution, the working range of the SQUID is limited to approximately 5µm. The test masses
have to remain in the work area of the SQUID during the entire measurement. That means,
the relative velocity of the test masses in relation to the sensor must be less than the ratio
of the working range and twice the measurement time. If a measuring time of about 4 s is
reached, the relative velocity of the test masses at the beginning of the measurement must
be less than 1.25µm. And also amplitudes of vibrations that may occur should not exceed
the work range.
5.2.3. Positioning system
To realize defined start conditions for the position and the velocity of the test masses at the
beginning of the free fall and to enable a calibration of the SQUID sensors, a positioning
system is required. This has to fullfill the requirements described in section 5.2. It has to
11911 ONNES measured that underneath a critical temperature the electric resistance in a conductor
disappears [73]
2the inner of a superconducor stays field free as long as the magnetic field does not exceed the critical
value Bc [56]
31962 theoretically predicted by JOSEPHSON [71] and 1964 experimetally proved by JAKLEVIC ET
AL. [70]
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position the centers of the test masses better than 0.3µm above each other and minimize
the relativ velocity of the test masses below 0.1µm/s in less than 0.5 s. Then the remaining
acceleration of the test masses after positioning will not exceed 10−12 m/s2. The position-
ing system should not change the magnetic field in the measuring system and should not
produce own magnetic fields or it has to be switched of before the SQUID sensors start
their measurements.
The positioning procedure must be quick (optimal < 0.5s) to use most of the free fall time
of 4.74 s in the drop tower in Bremen for measurements [42].
Considering all these points, a contactless, electrostatic positioning system is a good choice.
The position of the test mass is determined by different sensor electrodes, which are ar-
ranged around the test mass, and then the test mass is electrostatically positioned over
respective actuator electrodes.
5.2.4. Carrier structure
A supporting structure has to carry the test masses, the SQUID sensors and all other com-
ponents. The experiment places high demands on this carrier structure:
Since the used SQUID sensors are superconducting at temperatures below 9.5 K, technics
for cryogenic temperatures are required. It must be ensured that on the one hand the struc-
ture will not be damaged due to low temperatures and on the other hand it only changes
little in its extent so coated layers do not flake or crack. Here it is advisable to use a mate-
rial having a low coefficient of expansion, e.g. fused silica or Zerodur4.
The carrier structure is also used as a reference system for the positioning system and its
calibration. Therefore, they must be manufactured precisely with a tolerance of 1µm, like
the test masses. The high accurate production in the micrometer range is also important to
ensure that all parts fit together easily during assembling the entire accelerometer and will
not jam when cooling.
Since the SQUID sensors are very sensitive, induced eddy currents and magnetic fields
must be avoided. The carrier structure must be made of electrically non-conductive mate-
rial. The above-mentioned silica glass or Zerodur can be used. Due to the limited working
range of the SQUID sensors, all relativ positions during the free fall have to be limited to
10−6 m [42].
5.2.5. Conditions of the experimental environment
Vibrations of the test mass, e.g. caused by the release of the drop capsule at the beginning
of the free fall, can influence its position. However, experiments show that their ampli-
4glass ceramic manufactured by SCHOTT
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tudes are below 2 nm, that means an error of 4×10−14, which can be neglected. Stronger
vibrations affect more and must be avoided.
Residual gas in the experimental chamber can affect the motion of test masses, too, since
a collision of the test mass with the remaining particles leads to a deceleration and thus a
possible displacement of the test mass appears smaller than expected.
In experiments, a pressure of less than 10−4 mbar could be achieved in the experimental
chamber. With an error for the Eötvös factor of only 10−15, this effect can be neglected.
Due to a gradient in the ambient temperature, the test mass may expand at different rates,
which causes a shift of the center of mass and thus affects the determination of their posi-
tion.
In order to keep the error on the Eötvös factor below 10−13, the displacement of the po-
sition must be limited to below 0.3 mm, this means, the temperature gradient has to be
smaller than 1 mK/m over the whole length of the test mass.
Any existing inhomogeneties of the test mass can lead to an unequal expansion of the test
mass with change in ambient temperature, which can cause a shift of its center of mass.
Therefore, a temperature stability of 0.1 K during the free fall is required, which is already
given by the previous condition.
The liquid helium in the cryostat and gas bubbles inside the liquid can have a gravita-
tional influence on the test masses. This was investigated in detail by LOCKERBIE ET
AL. [87–89]. The moving helium in the cryostat affects the outer test mass more than the
inner test mass. Heated above its boiling point (4.2 K at normal pressure), helium bubbles
can arise. Because here mass is missing, this constitutes a negative gravitational source.
They can be considered as punctional, if the bubbles are small. They are fixed to the local
gravity gradient and thus move as fast as the test masses and can create a false signal or
mask a real signal.
Additional constraints that arise from the used sensor systems have to be taken into ac-
cound. If for example cryogenic temperatures are demanded for the SQUID position sen-
sors, so the dimensions of the experiments are limited by the used cryostat.
6. Realisation of components of the
advanced free fall experiment
6.1. Experimental set-up of the advanced free fall
experiment
For the realization of the test concept in chapter 5 a construction with two accelerometers is
planned, like shown in fig. 6.1. In the center the small, inner test mass is shown in red and
its carrier structure is shown in light grey. Outside the bigger, outer test mass is shown also
in red und its carrier structure is shown in dark grey. The outer accelerometer is designed
big enough that it incloses the inner accelerometer completely. Since both acceloremeters
have a similar structure and only differ in their dimensions, first the components of theinner
accelerometer can be developed. Later, the experience gained and lessons learned will be
transferred to the external accelerometer. Fig. 6.2 shows the schematic structure of the
inner accelerometer, which comprises the following components:
• test masses (colored in red; inside: Platinum-Iridium, outside: Silicon, each coated
with Niobium)
• carrier of the pick-up coils for the SQUID sensors (colored light gray; made of
Zerodur)
• carrier of the electrodes of the axial EPS (colored in blue)
• carrier of the electrodes of the radial EPS (colored in dark gray)
• plates for closing the sensor on both ends (colored in violet)
6.2. Drop tower and drop capsule
To investigate the WEP by the displacement of two test masses in free fall, a long free
fall time, hence a long free fall distance with controlled conditions is needed, so that the
experiment can be repeated under comparable conditions. The drop tower of the ZARM,
University of Bremen, meets these requirements very well. The tower provides a drop
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Figure 6.1.: Sketch with experimental set-up of the inner (colored in light gray) and outer
(colored in dark gray) sensor for two test masses (colored in red).
Figure 6.2.: Sketch of the experimental set-up of the sensor for the inner test mass (colored
red)
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tube of 110 m, that means a free fall time of 4.74s [186]. The inner of the drop tube can
be evacuated to a pressure of below 0,1 hPa (< 0.0015 psi) within two hours, whereby
the frictional resistance by the air is significantly reduced. A micro-g-quality of 10−5 to
10−6 g0 can be reached.
The experiment itself is implemented inside a drop capsule, in which a normal pressure
of approximately 1.013 hPa exists. The experiment is designed so that it can survive the
accelerations at the beginning and at the end of the free fall undamaged. During release,
the drop capsule transits from 1g0 to 0g0 conditions. At the end of the drop the drop cap-
sule is decelerated controlled by a deceleration container filled with polystyren-balls with
a diameter of 5 mm. The deceleration results in values of 25 g0 over 200 ms, with peak
values of < 50 g0 for < 11 ms, which the experiment survives without damage. Thus, it is
possible to repeat the experiment under comparable conditions several times. At the drop
tower of Bremen up to three drops per day are possible. Between the drops, it is possible
to modify the experiment and to resolve problems that may arise.
Experiments, which place a particularly high demand on the micro-g-quality, can be im-
plemened in the free flyer, a capsule inside of the drop capsule. The free flyer will be
released after releasing the drop capsule and falls inside the drop capsule freely with
< 10−6 g. Before the deceleration process starts, it is caged again, so that it will be save
during the deceleration of the drop capsule [186].
6.3. Test masses
Taking into account all the test conditions of section 5.2 and the comments on the test
masses in section 5.2.1, concentric cylindrical test masses were chosen. Their centers of
mass can be positioned close to each other by inserting the inner test mass into the outer
test mass. The test masses must be precisely manufactured, i.e. in the micrometer range,
and consist of very homogeneous material to position the centers of mass close together.
For the first free fall test of the WEP at the drop tower of Bremen, the material combi-
nation {(Al,Pb)} for the outer and inner test mass was chosen in respect of the maximum
measuring effects and the technical realisability. Since pure lead has a low mechanical sta-
bility, it is less usable for manufacturing a test mass. Therefore, the more stable lead-alloy
with a composition of 88,0% Pb, 8,5% Sb and 3,5% Sn was used. For the new free fall
experiment, the test masses have to be manufactured with lower tolerances. Therefore, a
new combination of materials was chosen for production reasons: Silicon for the outer test
mass and platinum for the inner test mass. Since pure platinum has a low mechanical sta-
bility, the more stable platinum alloy of 90% Pt and 10% Ir is used. Since neither silicon
nor platinum-iridium have superconducting properties, both test masses must be coated
with a superconducting layer of niobium (see section 6.3.2).
In the first WEP experiment, test masses with a quiet complex structure were used, whose
forms were highly adapted to the optimum shape of a hollow cylinder. The test masses
consisted of cylinders with a belt in the middle, whith was reduced in steps to the edge.
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This geometry caused great problems during the subsequent coating, which could not be
carried out smoothly in the corners and angles of the test mass. Therefore, in the following
project, the structure of the test masses has been simplified, now they only consist of a
cylinder. Nevertheless, in order to keep the influence of possible disturbing masses equal
for both test masses , they were reduced in size. While the old test masses had a length of
approximately 100 or 60 mm and an outer diameter of 80 or 39 mm, the new test masses
have a length of approximately 45 or 20 mm and an outer diameter of 40 or 14 mm. In
addition, smaller test masses have less inertia and therefore can be positioned quickly by
the forces of the EPS.
For the new planned experiment an inner test mass made of platinum-iridium with a weight
of approximately 32,4g and an outer test mass made of silicium with a weight of approx-
imately 42,4 g are manufactured. The wall thicknesses are approximately 2 respectively
3 mm, whereby a sufficient stability is given. Since the materials used are not supercon-
ducting, both test masses are coated with a superconducting layer of niobium.
6.3.1. Manufacturing of the test masses
As described in the previous sections, the test masses have a cylindrical shape and are made
of silicon and platinum-iridium. The purchase of the materials and the manufacture of the
test masses was done by the Physikalisch-Technische Bundesanstalt (PTB) Braunschweig.
Attention was paid to a high quality, for example homogeneity, pore depth, and purity.
The production in the requested accuracy was realized well, so now both test masses are
manufactured. Table 6.1 shows detailed information for both test masses, while figure 6.3
shows photos of the test masses.
inner test mass outer test mass
material Platinum/Iridium (90/10) Silicon
outer diameter 14.0 mm 40.003 mm±3µm
inner diameter 10.0 mm 34.006 nm±3µm
length 20.0 mm 44.996 nm±1µm
weight 32.4 g± 0.1 g 42.4 g± 0,1 g
niobium coating at work 600 to 1000 nm± 100 nm
superconductivity to be done successfully tested by FSU Jena
Table 6.1.: Parameter of the inner and outer test mass of the enhanced free fall experiment.
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Figure 6.3.: Photos of the inner (left) and outer (right) test mass.
6.3.2. Coating of the test masses
The test masses had to be coated with a superconductive layer because of the measuring
principle based on SQUID sensors. Therefore, an ultra-high vacuum coating process with
niobium was developed at the FSU Jena. Initial tests showed that the depth of material
varied greatly and therefore does not meet the requirements for the test mass. Thus an
alternative method for the inner coating was developed by the PTB Braunschweig using a
sputtering system [58]. A rod-shaped electrode is located in the middle of the body to be
coated and there applied a layer of the requested thickness [58]. The method was tested
with a coating of copper and provided layers with a thickness of 100 to 400 nm. For the
desired coating with niobium, the method can very easily be adapted. The outer test mass
was coated with a niobium layer with a thickness of approximately 1 µm. This is equiva-
lent to 12 times the London penetration depth at 4.2 K for niobium.
The superconductivity of the niobium layer was then analyzed by the FSU Jena. It was
found that the layer is sufficiently thick and homogeneous enough so that the outer test
mass has a superconductive surface at cryogenic temperatures.
For the inner test mass, the coating process is much more difficult, because the inner di-
ameter of the test mass is very small und hence the inner surfice is difficult to access.
Therefore, the inner test mass has not yet been coated completely with niobium, nor been
tested for superconductivity. The PTB Braunschweig is currently developing a suitable
process for the inner coating with niobium.
6.3.3. Laboratory test masses
Furthermore, various laboratory test masses have been manufactured for tests of different
components of the experiment. For the development of the electrostatic positioning system
test masses of aluminum or steel with different designs (adapted to the experimental set-up)
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have been manifactured by ZARM. Since the inner test mass is not yet coated with a su-
perconductive layer, superconductive laboratory test masses for cryogenic tests have been
manufactured of hard lead by ZARM or of niobium by the PTB Braunschweig. Niobium
has the advantage that it becomes superconductive below 9 K and thus a superconductive
coating is unnecessary.
6.4. SQUID sensors
6.4.1. Used SQUID sensors
The LTS-DC-SQUID UJ 111 used here has been developed by the Institut für Festkörper-
physik at the FSU Jena together with the appropriate control electronics and adapted for
the use in the drop capsule at the drop tower (version SQUID 5). Because these sensors
use superconductivity, they need a working temperature below the transition temperature
of the materials used, e.g. of the SQUID sensors, the pick-up coils and the supercon-
ducting coating of the test masses. In many cases, the material niobium is used, which
becomes superconductive in the pure state below 9.5 K. In processed condition, the tran-
sition temperature can decrease because impurities inhibit the superconductivity. Using
liquid helium, a working temperature of about 4.2 K can be provided which should be
sufficient for this experiment and the requested superconductivity.
Figure 6.4.: Principle of the symmetric, differential positioning detector with two pick-up
coils [167].
Structurally caused the SQUID sensors can not be positioned directly at the test mass,
therefore input circuits are used to route the signal of the test mass displacement of the test
mass to the SQUID (see Figure 6.4). A differential SQUID sensor is used. Therefore, two
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pick-up coils are arranged symmetrically at the ends of the superconducting test mass. The
coils are connected superconductively to the input coil of the SQUID. A flux Φ included in
these input circuits remains constant due to the flux conservation. The flux in the pick-up
coil and therefore also in the coupling coil is changed by shifting the test mass.
This arrangement has the advantage that the resolution is not limited by the injected current
through the input coil over a simple sensor. Furthermore, it can not be avoided that the
position detector a slight force to the test mass, but which compensates in this symmetrical
structure itself.
Is the test mass in the central position of the system, both coils have the same inductance
L0. If the test mass is shifted to one of the coils, the inductance of this coil increases, while
reducing the inductance of the other coil by the same amount by the symmetry.
Prior to the release of the test mass, a supracurrent I = Ia = Ib is fed into the pick-up circuit
by a heat-switch, and thus produces a defined magnetic flux. Simultaneously, the input
circuit of the SQUID is decoupled by a second heat-switch. Both switches are closed after
feeding. Then the movement of the test mass change induces a change of the inductances
La and Lb, which generates a current I 6= 0 because of flux conservation. This current
generates a signal in the SQUID via the input coil Li.
Figure 6.5.: Photo of one of the two SQUID boards, which has been successfully used
already in freefall experiment and can be reused.
The SQUID itself is located on a board under a cover, which protects it against mechanical
damage (see Figure 6.5). Right across the board is the coupling coil, which is connected
via the input circuit with the pick-up coil in addition to the SQUID. This in turn is located
as close as possible to the test mass and has a shape which allows the detection of the test
mass displacement. The coupling coil is already implemented on the SQUID board by
the University of Jena and has been optimally adapted to the SQUID. About two niobium
terminal blocks on the board, the input coupling can be contacted by superconducting. The
input coupling circuit consists of an approximately 0.25 mm thin wire made of niobium and
reaches to the pick-up coils.
The pick-up coils are realised on a carrier, which is a tube of Zerodur positioned along the
axial direction inside the test mass. A scheme of the carrier is presented in fig. 6.6. Fig. 6.7
shows where the pick-up coils are positioned with respect to the test mass or the carriers
of the electrodes of the EPS.
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Figure 6.6.: Scheme of the arrangement of the pick-up coils (colored in red) of the SQUID
sensor. They are coated on the carrier (colored in gray) made of Zerodur.
Figure 6.7.: Detail scheme of the arragment of the inner test mass (colored in red), the
carriers (colored in blue) of the electrodes of the EPS and the pick-up coils
(colored in black) of the SQUID sensors on their carrier (colored in light gray).
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(a) (b)
Figure 6.8.: Pick-up coils (a) photo of two coils at the carrier made of Zerodur (b) micro-
scopic image of a coil at a rod made of Zerodur.
6.4.2. Manufacturing the pick-up coils
For manufacturing the pick-up coils, first the carrier for the coils is coated with niobium by
the PTB Braunschweig. The layer thickness is between 500 and 1000 nm. After bonding
thin wires on the layer, its superconductivity was proven by the FSU Jena.
Then the coil pattern is worked out. For each sensor two pick-up coils are planned. Each
pick-up coil of the inner sensor are designed with eight turns over a length of 3.5 mm. The
structure was realized in two different ways. The first method is the mechanical milling,
which was carried out by the PTB. Tests of coating and structuring were carried out on a
rod of Zerodur and then the superconductivity of the coils was tested by the FSU Jena (re-
sults see below). However, the disadvantage of this methode is that the mechanical milling
not only removes the niobium layer, but also parts of the Zerodur. This destroys the defined
structure of the coils and inhibits the reuse of the carrier, in the case the superconductivity
of the coils was not sufficient and should be removed to repeat the production of the pick-
up coil.
As a second methode of producing the pick-up coils, a structuring using a laser was tested
at the BIAS1. It turned out that the removal of the niobium layer by laser is possible while
the Zerodur is significantly less damaged than in the first method. So, it is possible to re-
move the structured niobium layer, applying a new niobium layer and to structure it by the
laser a second time. After these initial tests, the PTB has taken up this process and man-
ufactured pick-up coils with the required dimensions on a test specimen made of quartz
glass and then again on a carrier made of Zerodur. Fig. 6.8(a) shows a photograph of the
lasered pick-up coils on the carrier made of Zerodur. A detailed shot of one coil was taken
with a microscope and is shown in fig. 6.8(b).
For contacting the pick-up coils, the niobium wires of the input coupling circuit are threaded
into the carrier of the pick-up coils (it is designed as a tube) and guided through the holes
in the middle of the tube to the outside. The wires are fixed inside the carrier tube by and
adhesive suitable for cryogenic temperature2, so that they can not swing uncontrollably
1Bremer Institut für angewandte Strahltechnik (BIAS), University of Bremen.
2TRA BOND 2115 by the company Tra-Com
46 6. Realisation of components of the advanced free fall experiment
during the experiment. At the top of the holes, the wires are cut off near the surface of the
carrier and then ground flat to build a firm, flat surface for contacts. These contact areas
on the wires of the input ciruits are then connected to the contact areas of the pick-up coils
by an ultra sonic bonding process done by the FSU Jena. For this, a few microns thin
bonding wire made of niobium was rubbed into the surface of the contact areas by ultra
sound and light pressure until a superconductive connection was produced. Subsequently,
the fine bonding wire is guided over to the end of the pick-up coil, where in the same
way a superconductice connection is established. If this is repeated for the other end of
the pick-up coil, it is fully connected to the input coupling circuit. Thus, two coils can
be connected via a four-point method to the input coupling circuit. After contacting, the
superconductivity of the connections and the coils can be tested.
6.4.3. Test of the superconductivity of the pick-up coils
The superconductivity of the pick-up coils was studied by measuring the temperature de-
pendency of the current in the pick-up coils in a cryogenic experiment at the University of
Jena [61].
First, the pick-up coils realized by mechanical milling on a rod made of Zerodur have been
tested. Therefore, the rod with the two coils was mounted on a circuit board. Then, the coil
was contacted by ultra sonic bonding as described in the section above and then connected
via the four-point method. To investigate the temperature dependence of the current in the
coil as accurately as possible, the circuit board was used in a cryostat with a heater built
in, so that the sample can be cooled (cryostat) and heated (anti-cryostat).
This measurement setup was characterized with a sample of pure lead. A transition tem-
perature of (7.21±0.03)K was determined. This is consistent with the literature value of
Tc = (7.20 pm0.01)K for pure lead [188].
The tested coil consisted of niobium. Pure niobium has a transition temperature of Tc =
9.2K [126]. The figure 3.13 and 3.14 in [61] showed the curves for coil 1 and coil 2 mea-
sured by the FSU Jena. The coil 1 showed course with two stages, one between 8.50 and
8.51 K and another at a temperature of 8.57 K±0.06 K. This can only be explained by a
structural inhomogeneity in the coil, which lowers the transition temperature of a portion
of the layer to some 10 mK. Coil 2 shows a transition temperature of 8.71 K±0.06 K with
a uniform course. At currents above 0.5 mA, a decrease in the critical temperature is ob-
served in both coils, which can be explained by the dissipation of thermal energy and the
resulting heating of the coils. At currents of 1 mA and above, the sample is heated so fast
that it passes immediately to the normal conducting state.
A second coil was prepared on a carrier made of Zerodur and analyzed with the same ex-
perimental set-up and procedure. Again, the critical temperature was in the range of 8.5 K.
These tests show, that the manufacturing method described above produces coils, which
are sufficiently superconductive at temperatures below 8.50 K and thus can be used in the
cryogenic experiment to test the equivalence principle using SQUID sensors.
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6.5. Carrier structure
6.5.1. Material of the carrier structure
The material chosen for the carrier structure of the new free fall experiment is Zerodur,
which is produced by the company Schott in Jena [145]. Zerodur is an unorganic glass
ceramic, which has a kristallic phase and a rest glass phase.
It was choosen because of its expansion coefficient, which changes very little between
room temperature and cryogenic temperatures. During production, the volume fraction
and the size of the crystals in the Zerodur is controlled so that the positive expansion of
the residual glass phase and the negative expansion of crystallites cancel each other and
an extremely low thermal expansion, which in certain temperature ranges even zero, can
be achieved. For this project, Zerodur with the expansion class 0 was used, which had
an expansion coefficient of α = 0± 0.02× 10−6/K in the temperature range from 0 to
50 ◦C. Between 0 ◦C and -90 ◦C, the expansion coefficient decreased slowly to a value of
α =−0.2×10−6/K. Then the value decreases further to a value of α =−0.6×10−6/K at
30 K. At even lower temperatures the expansion coefficient increases very rapidly to zero,
so that Zerodur at temperatures around 4 K has the same expansion as at room temperature.
This facilitates the construction of the components, since only cooling down to 4 K is a
critical stage, then all dimensions are the same as at room temperature. First tests show,
that the carrier structure and also the layers coated onto it survive the tempeature changes
undamaged.
Zerodur has the following properties:
• barely inclusions or streaks,
• free of pores,
• highest homogeneity of the thermal and mechanical properties,
• non-directional structure,
• processings such as cutting, grinding, polishing are possible like for optical glass,
• Zerodur can be manufactured precisely up to 1µm, so that later a calibration based
on the Zerodur surfaces of the EPS could be possible,
• Long term stability,
• long term thermal stability,
• long service life due to low helium permeability.
Moreover Zerodur is a non-metallic and non-conductive material. As a carrier structure it
prevents the effects of trapped magnetic fluxes and the influence of induced eddy currents,
which could not be estimated. If no electric or magnetic fields can be transmitted, the
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Figure 6.9.: Exploded scheme of the carrier components of the sensor for the inner test
mass.
SQUID sensors can be used with less disturbances.
6.5.2. Design of the carrier structure
The complete carrier structure is assembled modular of different pieces made of Zerodur.
Thus, each component can be designed to optimally fit its function and yet stay simple
enough to minimize the manufacturing effort, also high precision is required. Fig. 6.9
shows an exploded scheme of the carrier structure of the inner sensor. Fig. 6.10 shows an
exploded scheme of the carrier structure of the outer sensor.
6.5.3. Manufaturing of the carrier structure
It is a challenge to manufacture the components with the requested tolerance of below
1µm and an arithmetic middle roughness lower than 10 m. Schott usually processed op-
tical components such as mirrors of several meters in diameter out of large blocks made
of Zerodur. For smaller applications, SCHOTT provided Zerodur blocks stating the coeffi-
cient of expansion to companies like the company HELLMA OPTICS, that further process
the Zerodur. HELLMA OPTICS had the machines to produce complex three-dimensional
bodies of Zerodur and produced the components of the carrier structure made of Zerodur
for this project. Fig. 6.11 shows the components made of Zerodur of the inner sensor.
During further process, the components showed different qualities, when they have been
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Figure 6.10.: Exploded scheme of the carrier components of the sensor for the outer test
mass.
Figure 6.11.: Photos of components made of Zerodur of the inner sensor.
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made of different Zerodur blocks, even if those had an equal expansion coefficient α .
This was especially seen during the process of structuring the coated gold layers by the
laser. While the laser settings were optimal for one component to remove the gold layer
without damaging the Zerodur, they caused no reactions on another component or too
strong reactions on a third component, which was the worst case because the Zerodur got
damaged. To prevent this, a test piece for each component was manufactured from the
same Zerodur block, so that all processing steps could be checked on this test piece before
they were performed on the component. To reduce the effort to find optimal laser settings,
a great Zerodur block was reserved at the company HELLMA OPTICS, from which all
components for this experiment could be manufactured with the same quality. The block
had the heating number H10586048. This block was verified by testing a carrier of the
axial electrodes made out of it. The carrier was coated with a layer of gold and structured
by using a laser successfully, after finding the optimal parameters for the laser on the test
piece. These laser parameters were later used for structuring other components made of
the same Zerodur block for this experiment.
6.6. Electrostatic positioning system
6.6.1. Electrodes of the axial EPS
The axial EPS used electrodes at the plane sides of the test mass to position it in axial
direction . A scheme of the carrier of these electrodes is shown in fig. 6.12.
Figure 6.12.: Scheme of the carrier of the electrodes of the axial EPS.
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Coating the carrier of the electrodes of the axial EPS
Manufacturing the axial electrodes started with the coating of the carrier.
Therefore, the coating facilities of the IMSAS3 were used. Usually, flat wafers are coated
in these machines, but also components with a height of up to 16 mm could be coated.
Since the carriers of the inner sensor had a height of 34 mm, a short laboratory version
of the carriers with a heigt of 15 mm was designed to fit into the coating machine. In a
first test, a layer of gold was coated onto the carrier, but it peeled off. Thus, an adhesion
enhancer was required. In a second test, a several micrometer thin gold layer was coated on
a several nanometer thin layer of Titan and adhered very well, even after several coolings
in liquid nitrogen.
For the long carriers with a height of 34 mm another way for coating had to be found.
Therefore, the coating systems of the PTB Braunschweig were used. They provided a
coating of the long carriers with aluminium as an adhersion enhancer and gold. It has to
be tested, if these coatings have the same properties like the coatings above.
Structuring the coating of the electrodes of the axial EPS
The structure of the electrode was designed in several iteration steps. In a first test, the
areas on the carrier, which should be left uncoated, were covered with a varnish before
coating them with titanium and gold. Then, the excess coating was removed with the var-
nish in an acid bath. The resulting structure helped to develop the design of the electrodes,
but its quality was not sufficient for tests of the EPS.
Therefore, another methode to structure the electrode was developed together with the
BIAS of the university of Bremen. For this purpose, two separated electrode areas are
structured by removing parts of the gold layer by a laser. The current design of the struc-
ture was developed and tested in several iteration steps and is shown in fig. 6.13. The figure
shows the design drawing of the electrode areas (top view) with the different dimension
values and the laser lines (thick black lines).
For structuring, a Nd:YAG laser4 with a wavelength of 1064 nm and a maximum output of
16 W was used. The laser could be operated with a pulse frequency of 30 kHz. The high
beam quality of M2 < 1.2 allowed focusing to spot diameters of down to 16µm. A trace
with a width of 40 to 200µm was ablated out of the layer of gold to separate the electrode
areas. The energy of the laser beam must be absorbed by the coating layer to leave the un-
derlying Zerodur undamaged. This can be realised by adapting the laser parameters (pulse
energy, pulse rate and scan velocity) to the optical properties of the coating layers and the
carrier material and to use materials with constant quality as described above. Using laser
traces with a width of 0.2 bis 0.3 mm, two annular electrode areas are separated. The inner
3Institut für Mikrosensoren, -aktoren und -systeme (IMSAS), University of Bremen
4Neodymium-doped Yttrium Aluminium Garnet Laser
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Figure 6.13.: Design of the electrodes of the axial EPS. Areas coated with gold are colored
in dark grey, areas without coating in light grey and the laser structure is
colored black. The inner diameter of the carrier is 10 mm, the outer diameter
is 22 mm.
electrode has an inner diameter of 0.6 mm and an outer diameter of maximal 1.05 mm and
is used for determination of the position of the test mass. The outer electrode has an inner
diameter of a minimum of 0.9 mm and an outer diameter of 1.35 mm and serves for posi-
tioning of the test mass. Fig. 6.14 shows a photograph and a detailed microscopic shot of
a carrier with the electrode areas.
Areas of the electrode of the axial EPS
The EPS is used for detecting the position of the test mass and for positioning of the test
mass. Thefrefore, the electrodes are divided into a detecting electrode and a positioning
electrode, with an area ratio of 2:3, see fig. 6.13. It is ensured by a certain laser power, that
the gold and aluminium are completely removed where it is necessary, but the Zerodur is
left undamaged. Fig. 6.14 shows a photo of one carrier with the finished electrodes.
For estimating the surface of the electrodes, simplified areas as shown in fig. B.1 were
used (see appendix B for a detailed description of the estimation). The inner electrode is
for detecting the position of the test mass and has a surface area of
Ainner = 26.18mm2. (6.1)
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Figure 6.14.: left: Photo of the laser microstructured EPS electrodes on the carrier made
of Zerodur (inner diameter of 10 mm, outer diameter of 22 mm and height of
15 mm), right: microscopic shot of the electrode structure.
The outer electrode is used for positioning of the test mass and has an effective surface
area of
Aouter = 39.38mm2. (6.2)
Another gold coated area is realised on the bevelled surface of the carrier. It is electrically
grounded and not used as an electrode like the other areas. On top of the carrier of the
electrode, three lifted areas (spacers) of a height of 200µm are integrated into the design to
prevent the test mass from getting in contact with the electrodes. During the production of
the electrodes, the spacers are also coated with gold and later isolated from the electrodes
by the laser procedure, which structures the electrodes. The gold layer of the spacers is
connected to the gold layer on the bevelled surface of the carrier and therefore connects
them to the electrically grounding. This avoids flashovers between the grounded test mass
and the spacers and prevents the test mass from being damaged.
Contacting the electrodes of the axial EPS
For electrical contact with the electronic unit of the EPS, thin wires (5µm in diameter) are
connected by ultrasonic soldering5 onto the contact areas of the electrodes and the area for
grounding. Ultrasonic soldering makes the cleaning with soldering flux before and after
soldering unnecessary. And by using the fluxfree solder alloy Cerasolzer6, this method is
optimal for soldering metal onto glas ceramics like Zerodur.
On the bevelled surface of the carrier, recessed surfaces are integrated into the design of the
carrier, where the contacting of the electrodes can take place. This inhibits that the solder
joints will disturb the subsequent assembling of the sensor. In order to prevent the solder
joints to peel off, the connected wires can be fixed with glue or tape. After contacting, the
electrode can be tested in a laboratory experiment.
5The ultrasonic soldering was done by using the USS-9200 Ultraschall Lötgerät manufactured by MBR
ELECTRONICS GmbH, Switzerland, with a 2 mm soldering tip.
6This solder alloy was developed and manufactured by MBR ELECTRONICS GmbH, Switzerland.
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6.6.2. Electrodes of the radial EPS
The radial axial EPS used electrodes around the test mass to position it in radial direction.
The electrodes are placed on the inside of a cylindrical carrier, which is placed around the
test mass. A scheme of the carrier is shown in fig. 6.15.
Figure 6.15.: Scheme of the carrier of the electrodes of the radial EPS.
Coating of the carrier of the electrodes
For manufacturing the electrodes, the inside of the carrier was first coated with gold by
using a plasma coating process at the PTB Braunschweig. This was a challenging task
because of the small inner diameter of the carrier. The gold electrode of the coating system
easily fitted into the carrier, but its distance to the carrier was too small to produce the gold
plasma and still leaving enough distance, so that the gold can be deposited on the surface
of the carrier. A new process to produce a stable and sufficiently uniform plasma within
these small dimensions had to be developed. Therefore, a holder for several magnets in
different arragements to affect and perfectly align the plasma was designed and tested at
the PTB Braunschweig (for further details see [58]). With this holder, it was possible to
produce a uniform coating with gold on the inner side of the carrier. As adhesion enhancer
an approximately 5 nm thick layer of aluminum was used.
Strukturiung of the coating of the electrodes
For structuring the electrode, the gold layer was separated in different electrode areas.
Figure 6.16 shows a photograph of a textured carrier.
With the experiences of the structuring of the axial electrodes in the previous section, the
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mere removal of the gold layer was easy. Here, the major challenge was that the layer to
be structured was not on, but inside the component and that the component had an inner
diameter of only 20 mm.
Figure 6.16.: Photo of the electrodes of the radial EPS structured out off a gold layer coated
on the inside of the carrier made of Zerodur.
The first task was to guide the laser beam into the inside of the carrier and focus it on
the surface. Therefore, a structure similar to an endoscope was developed in collaboration
between the ZARM and the BIAS. The next task was the precise rotation of the carrier,
so that the laser produces a horizontal line on the surface to separate the gold area in an
lower and an upper part. For this purpose, a rotary table is designed in which the carrier
is clamped and then precisely rotated, while the endoscope assembly is inside the carrier.
The endoscope assembly can be moved additionally in the vertical direction, so the laser
can produce the vertical lines of the electrode structure. With this set-up, the laser could
reach any point on the interior surface of the carrier and could produce any structure of
lines.
Contacting of the electrodes
For contacting the electrodes, thin wires (diameter of 5µm) are attached by ultrasonic
soldering to the gold surfaces like it was done for the axial electrodes in the section above.
The solder joints of these connections were placed in grooves integrated into the design of
the carrier, so they would not disturb the later assembly of the sensor. After contacting, the
electrodes can be tested in a laboratory experiment.

Part III.
Development of the electrostatic
positioning system (EPS)
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7. State of the art in the field of
electrostatic positioning
Optimizing the initial conditions leads to a significant improvement of the effective accu-
racy. Therefore an electrostatic positioning system (EPS) is under development. It will
replace the magnetic positioning systems, which were used so far in the free fall experi-
ments to test the WEP [97, 109]. In this section a report of the actual development of the
EPS and a description of the first results of its characterisation are given.
7.1. Electrostatic instead of magnetic positioning
In the designed free fall experiment, the EPS establishes the most precise position and the
most reduced velocity of the test masses. The centres of the test masses have to coincide
within 300 nm (in vertical and horizontal direction) to minimize the effects of the gradients
of the gravitational field of the Earth. The velocities of the test masses have to be mini-
mized below 100 nm/s to guarantee, that the test masses stay in the measurement range of
the SQUID position sensors. The test masses have to be stabilized parallel to the fall direc-
tion, because any tilting of the test mass can induce position displacement in the sensitive
direction, disturbing the measurement of the WEP. After positioning the test masses, the
EPS will be switched off. So the high sensitive SQUID sensors can measure the positions
of the test masses without any interferences by the EPS.
The EPS will realize the improvements suggested due to the results if the first free fall
experiment:
• minimizing tilting and lateral movements: the detector, even in a symmetrical con-
figuration, is quite sensitive to radial movements or tilting (around one of the hori-
zontal axes), especially if they occur at the same time, or the test mass is not exactly
in the center position [185].
• maximizing measurement time: the positioning of the test mass has to be done as fast
as possible. Therefore, an active positioning system will be faster than the passive
positioning system used before [185].
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• appling smaller forces in radial direction for minimizing the risk that force compo-
nents occur in the axial direction, which would influence the measurement of the
WEP or minimizing the interference with the SQUID sensors by being switched
off [185]. This was not possible with the magnetic levitation in the former free fall
experiment. [185].
7.2. Positioning systems of other projects
Positioning systems based on the electrostatic suspension of an inertial mass have been de-
veloped for different projects, like MICROSCOPE, STEP or LISA (Laser Interferometer
Space Antenna) [162,164]. In the satellite mission MICROSCOPE, the positioning system
will be used to exert the necessary force on the proof mass to maintain it motionless with
respect to the sensor frame [72, 162]. In the satellite mission STEP [161], the electrostatic
positioning system is planed to have five pairs of gold-coated electrodes, each pair con-
trolling one degree of freedom of the test mass. For the satellite mission LISA, six cubic
test masses are planed to be positioned with a resolution better than 10−9 mHz−1/2. Each
test mass will be used as a reference to control the orbit of its drag-free spacecraft [134].
HAN ET AL. developed in 2002 a differential capacitance to voltage converter (CVC) for
electrostatic levitation of a rotor [59].
8. Operating Principle of the EPS
8.1. Definition of characteristic parameters and
disturbances
For the EPS, characteristic parameters have been defined. Since the EPS has to position
the test masses precisely and minimize their velocities, two of the characteristic parameters
are the position resolution and the velocity of the test mass after positioning. An important
parameter for the time limited free fall experiment is the settling time, when the test mass
is positioned within a pre-defined range. For comparison of different measurements, the
repeatability of the defined characteristic parameters is significant. Another important pa-
rameter is the maximum force applied on the test mass by the electrodes. This parameter
is essential to create a numerical model of the EPS.
In contrast to the characteristic parameters, the disturbances of the EPS are unwanted sig-
nals, which degrade the detecting and positioning of the test mass. This includes external
disturbances like vibrations coming from the environment, but also instabilities of the con-
troller, or drifts of the EPS and the reference system. They have to be minimized for a
precise positioning of the test mass, but investigating them provides valuable information
about the system. Other disturbances can be minimized by the proper design of the experi-
mental set-up, or the controller. Patch effects can be avoided by a homogeneous surface of
the test mass and the electrodes. Electric discharges formulated in Paschen’s Law can be
prevented by the right choice of the maximum voltage between electrodes and test mass.
The pull-in effect has to be managed by the controller, so the test mass is not immediately
pulled to one electrode. Under laboratory conditions, room air convection and charging of
the test mass are further disturbances, which have to be minimized by a sufficient shielding
of the system.
8.2. Axial EPS and its center points
In its final configuration, the EPS for the free fall experiment at ZARM will measure and
control five degrees of freedom for each test mass. Therefore, the EPS is divided into two
parts, as illustrated in principle in fig. 8.1:
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1. the axial EPS for positioning the test mass in axial direction and
2. the radial EPS for positioning in radial direction and stabilization parallel to the
symmetry axis.
Figure 8.1.: Degrees of freedom of the test mass in axial (left) and radial direction (right)
and the corresponding electrodes.
In principle, the axial EPS consists of the test mass and two electrodes, see fig. 8.2. The
electrodes are positioned parallel in a certain distance to each other and fixed in their
positions. Between the electrodes, the test mass can freely move from one electrode to
the other variing the gaps between the test mass and the electrodes inversely. Due to the
relation of electrode area to gap, this system can be considered as a double plate capacitor
with a movable plate between two fixed plates.
E2E1
d z1=D/2+ d z2=D/2-
V1 V2
D = +d d1 2
z
z0 = 0
test mass
y
x
g
d0=D/2
Figure 8.2.: Scheme of the electrodes and test mass arrangement of the axial EPS, rotated
about 90◦ for the laboratory set-up: major parameters and their signs.
Since the positions of the centers of mass of the two test masses have to coincide within
∆~z ≤ 300 nm in the beginning of the free fall experiment, the center of the test mass is
the most important parameter in this experiment. The test mass must be manufactured
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homogeneously and symmetrically to guarantee, that its center of mass coincides with its
geometric center. This is essential, because the experiment can only be directed by the
geometrical dimensions of the test mass.
In the laboratory experiment, the test mass is suspended like a kind of pendulum. It is
pulled to the ground by gravitation, so this resting position of the center of the test mass
is defined as the gravitational center position. The center between the two electrodes is
defined as the mechanical center position, which also defines the center of the coordi-
nate system, see fig. 8.2. The gravitational center position is adjusted to this position.
For the position of the center of the test mass z = 0, the test mass has the same distance
d1 = d2 = d0 = D/2 to each electrode, with the sum of the gaps D = d1 + d2. From
this point, the voltage and the force in direction of electrode 1 (E1) are defined as nega-
tive, while in direction of electrode 2 (E2) they are defined as positive. When the voltage
supplies are switched on, the system gets highly unstable. Since a real system is never
perfectly symmetric, the forces of both the electrodes are not equal, pulling the test mass
immediately to one electrode (pull-in effect). The system is in an unstable equilibrium and
has to be stabilized by the controller. The electronic components provide a linear working
range, whose center is defined as the electric center position. This has to be reconciled
with the mechanical and gravitational center of the system by adjusting one of the trim
capacitors on the circuit board.
8.3. Capacitive sensor and actuator principle
The capacitor electrodes of the EPS can be used in two different modes: as a sensor and as
an actuator.
As a sensor, the EPS measures the position of the test mass. When the test mass moves
between the electrodes, it changes its distance to the fixed electrodes. This changes the
corresponding capacitances of the capacitors, changing the currents in the circuits. Their
difference is a measure for the position of the test mass. A capacitance variation can be
induced by the motion of the test mass in two different ways: by a variation of the gap
between the test mass and the electrodes, or by a variation of the effective area of the
surface of the electrodes in regard with the test mass [72]. For the EPS the first method,
the gap variation, was used.
As an actuator, the EPS changes the position of the test mass between the fixed electrodes.
Due to the actual and the requested position, the system changes the voltages applied to
the electrodes. Dependent on the accumulated charges on the electrodes, the electric field
between electrodes and test mass is changed, resulting in a force that moves the test mass
to the requested position.
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8.3.1. Plate capacitor
The electrostatic positioning system is assumed to be a double plate capacitor. Each elec-
trode and one plane side of the test mass is one plane capacitor. Between them there is a
gap of d = 0.2 mm filled with air (with the relative permitivity εr = 1.00059).
For an simple plate capacitor, the strength of the electric field between the plates is
E =
U
d
(8.1)
with the capacity of
C = ε0
A
d0− z , (8.2)
where d0 = D/2, which is the distance between the test mass and electrode, if the test
mass is in the center position z0 = 0, and the saved charge
Q =C ·U . (8.3)
The saved energy can be calculated by
W =
1
2
C ·U2 (8.4)
And the theoretical force exerted on the test mass by one electrode is calculated by
F =
∂W
∂ z
=
1
2
ε0 · εr ·A · U
2
(d0− z)2 (8.5)
In this work, the movements of the test mass are contrained to one dimension, the z-axsis.
Therefore, the forces exerted on the test mass by the electrodes are one dimensional. They
are represented by their absolute value und a sign for their acting direction, and not as
vectors. Forces towards electrode E2 are defined as positive.
8.3.2. Double plate capacitor as an actuator
For the axial EPS, the test mass is positioned between two plates. This can be compared
with a double plate capacitor with a movable plate in the middle. Two forces are exerted
on the test mass: F1 by electrode E1 and F2 by electrode E2.
F1 =
1
2
ε0 · εr ·A · U
2
1
(d0 + z)2
(8.6)
F2 =
1
2
ε0 · εr ·A · U
2
2
(d0− z)2 (8.7)
Hence, the force towards electrode E2 is defined as positive, the resulting force Fres is
given by:
Fres = F2−F1 (8.8)
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8.3.3. Double plate capacitor as an actuator with back force
In the laboratory experiment, the test mass is suspended for compensating the gravitational
force pulling the test mass to the ground. This gives the test mass a preferred position at
z0 = 0, where the test mass hangs straight to the ground. If the test mass is deflected from
this position, a backforce arises, which pulls the test mass in direction of the center position
z0.
l
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
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Figure 8.3.: Sketch of pendulum
From fig. 8.3 the back force can be calculated as:
Fback = m ·g · sin(β ), (8.9)
where m is the mass of the test mass, g is the acceleration of the Earth and β is the angle
of deflection. For small angles β it is:
sin(β ) = β (8.10)
From fig. 8.3, the angle β is defined as
β =
z
l
, (8.11)
where l is the length of the pendulum. The resulting backforce is
Fback =−m ·g · zl (8.12)
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The resulting force Fres can be calculated by
Fres = F2−F1−Fback (8.13)
Inserting eq. (8.6), (8.6) and (8.12) gives:
Fres =
1
2
ε0εrA
(d0− z)2U
2
2 −
1
2
ε0εrA
(d0 + z)2
U21 −
m ·g
l
· z, (8.14)
If the test mass is at the center position z0, the resulting force Fres = 0 and the voltages
U1 =U2 =U . This gives:
1
2
ε0εrA
U2
(d0− z)2 −
1
2
ε0εrA
U2
(d0 + z)2
− m ·g
l
· z = 0 (8.15)
(8.16)
This equation is solved for U to obtain the relation between voltage U and the displacement
z (see auxiliary calculation in appendix C.1):
U = ±
√
m ·g
2 · ε0εrA · l ·d0 (d
2
0− z2) (8.17)
(8.18)
8.3.4. Pull-in effect, critical position and critical voltage
The back force causes the pull-in effect. This means, at a certain position zcrit, there is a
reversal point in the voltage. Thus for all z> zcrit , a lower voltage is necessary for creatung
a greater attraction of the test mass to the electrode, which causes a decrease the distance
between the plates. Then the test mass is increasingly pulled to the fixed electrode.
For calculating the critical position zkrit for the axial EPS, the derivative of the voltage U
to the position z is calculated:
∂U
∂ z
= ±2 · z
√
4 ·m ·g
2 · l · ε0 · εr ·A ·d0 (8.19)
and set equal to zero:
±2 · zcrit
√
4 ·m ·g
2 · l · ε0 · εr ·A ·d = 0 (8.20)
zcrit = 0 (8.21)
The voltage at the critical position zkrit is the critical voltage Ucrit:
Ucrit =±
√
1
2
m ·g
l
d3
ε0 · εr ·A (8.22)
8.3. Capacitive sensor and actuator principle 67
Figure 8.4.: Resulting force versus position for a system with two plate capacitors. This
system is unstable for all positions of the test mass and needs an active con-
troller for stabilizing the position.
Fig. 8.4 shows the force of the system. When a voltage is supplied to the electrodes, the
test mass experiences a force Fres in z-direction. Thus, the test mass is displaced by the
distance z. The test mass experiences a per definition positive force by the electrode E2,
when it is shifted in positive z-direction. In the zero position, it has a relatively small
positive value. The closer the test mass is moved to the electrode E2, the more the force
towards the electrode increases. The increase is carried out with U2 and goes to infinity
at the value z = +D/2. The test mass experiences a per definition negative force by the
electrode E1, when it is shifted in negative z-direction. This force is small in magnitude in
the zero position. With increasing displacement in negative z-direction, the force decreases
with U2 and goes to −∞ for z = −D/2. The back force always points in direction of
the center point. In the center point it is zero, with increasing distance from the center
point it increases. A critical position zcrit = 0 means, that when the force towards one
electrode becomes larger then the force to the other electrode and the back force, then the
test mass is pull towards the electrode and the system gets instable. For z > zcrit, the test
mass approaches electrode E2 and is pulled towards it. z > zcrit, the test mass approaches
electrode E1 and is pulled towards it. Thus, the system is instable for all positions except
the center position. In a real system, the test mass is always moving a little bit and this
will always result in the pull-in effect. An active controler is needed for stabilizing the test
mass in this system.

9. Experimental set-up
9.1. Components of the experimental set-up
The actual development of the EPS started with the axial EPS for the inner test mass.
For testing the axial EPS, a laboratory set-up was built, see fig. 9.1. The experimental
set-up consists of:
• test mass
• suspension for the test mass
• two carriers with the EPS electrodes
• EPS electronic unit and controller
• two laser sensors as reference position sensors
• shielding against mechanical and electrical disturbances
9.2. Test mass and its suspension for the development of
the axial EPS
For developing and testing the EPS, special laboratory test masses of steel, aluminium or
lead, with different designs for the axial and the radial EPS, have been used. Their manu-
facturing was discribed in section 6.3.3. The test mass can be connected to the electrical
grounding by a thin wire made of gold (diameter: 5µm). The mechanical influence of the
wire on the test mass has to be taken into account.
The axial EPS will position the test mass along its rotational axis, which is the sensitive
axis (z-axis). In the laboratory experiment performed under 1 g conditions, the gravitation
is permanently acting on the test mass, pulling it downward. To compensate the gravita-
tional force, the test mass is suspended by threads, establishing a kind of pendulum. For
positioning the test mass in its axial direction, the laboratory set-up is rotated about 90◦
around its x-axis. Since the coordinate system is defined relative to the test mass, the z-axis
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Figure 9.1.: Photo of the experimental set-up of the axial EPS. The test mass is suspended
by threads between the two electrodes (from the left electrode only the back
end can be seen) mounted in black holders on the x-y-micrometer table. In the
upper left corner, one operating laser sensor (laser 2) is visible.
9.2. Test mass and its suspension for the development of the axial EPS 71
is rotated, too. It is parallel to the rotational axis of the test mass and lies in the horizontal
plane.
The suspension consists of two threads made of polyethylene1, which are placed around
the test mass in loops. Their ends are connected to the top of the experimental set-up by
four micrometer screws (see fig. 9.2 or photo in fig. 9.7 on page 79), thus enabling a precise
alignment of the test mass.
test mass
carriers of
electrodes
movable tableelectrodes
test mass
suspension
4 micrometer screws for
adjusting the test mass
micrometer screw for adjusting
the electrodes in x-direction
micrometer screw for
adjusting the electrodes
in z-direction
xy
z
Figure 9.2.: Sketch of the experimental set-up for the axial EPS for positioning the test
mass in z-direction.
There are different requirements for the threads of the test mass suspension:
• The thread should be thin and flexible so it does not change its length after some
days unhooking, while the test mass is attached to its lower end. This will place the
test mass in a defined, constant position.
• It must be electrically non-conductive, so that the test mass is suspended electrically
isolated from the rest of the experiment. This is to prevent charging of the test mass
and also prevent any possible interference sources of charges near the electrodes.
• The thread has to be very stable and inelastic, so it quickly unhooks with the weight
of the test mass and occupies a defined state. It should not change its length with
1The threads are made of non-conductive Dyneema. No change in their length could be detected during
the measurement campaigns.
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time, because this would cause a change in position of the test mass relative to the
electrodes.
• The thread should not change its length caused by small fluctuations of temperature
near room temperature, or by small fluctuations of pressure in the range of atmo-
spheric pressure, to avoid undesirable changes in the test mass position.
• The thread requires sufficient strength in order to support the weight of the test
masses.
• The thread should be easy to handle, if the test mass has to be removed for cleaning
or connecting the wire to the test mass.
For the laboratory experiments to EPS in ZARM a thread with the following characteristics
is used:
• weight: 0.02535 g / m
• density: less than that of water
• construction: braided from individual fibers
• Colour: silver-gray
• temperature resistance: from 117 ◦ C softening, from 125 ◦ C melting
• Electrical conductivity: no
• Material: polyethylene 2
This thread corresponds to the requirements. It is very stable, depends almost not at all
anymore after a while, is electrically non-suffering, for it is very resistant in the range
around room temperature and normal pressure, the weight of the test masses used to hold
loose and therefore is an ideal material for the test mass suspension.
The suspension prevents the test mass from tilting about the x-axis. Inevitably, the test
mass described a slight arc in −y-direction, as it moved along the z-axis. However, this
shift was negligible for small displacements as in the case of EPS. In this case, the plane
sides of the test mass and the electrodes were always parallel and concentric in x- and
y-direction and the test mass only moved freely along the sensitive z-axis.
9.3. Electrodes and their voltage supply
If the center of mass of the test mass is placed in the center between the electrodes, the test
mass has a distance of d1(z = 0) = d2(z = 0) = 400µm to each electrode. This results in
a preliminary positioning range of the test mass of D = d1 + d2 = 800µm. The range is
further constrained to −200µm < z < +200µm by the spacers, which prevented the test
2e.g. Dyneema, this material is very light, very tear-resistant and hard to stretch.
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mass from leaving the linear working range of the EPS and being pulled to one electrode
by the pull-in effect.
Each electrode is positioned next to the plane sides of the test mass in a distance of about
d1 = d2 = 400µm. The carriers can be adjusted in x- and y-direction by micrometer screws
to cover the areas of the electrodes by the plane sides of the test mass in z-direction.
For a precise and fast positioning, a sufficiently high voltage is necessary. Therefore, the
electrodes are connected to the High Voltage Power Supplies (HOPS)3. They provide volt-
ages between ±600V from dc up to 250 Hz. Due to Paschen’s Law, the voltage has to
be limited below the breakdown voltage to prevent electrical flashover, which could dam-
age the electrodes or the test mass surface. The Paschen curve is influenced by different
factors like ambient gas, pressure, temperature, geometry and surface. The main factors
here are the distance between test mass and electrodes and the pressure. The minimal dis-
tance between electrode and test mass is d = 200µm. The medium between electrode and
test mass is air under atmospheric pressure in the laboratory experiment, or vacuum in the
free fall experiment. For a complex system, not all factors influencing the Paschen curve
can be considered. Thus, the limit for the maximum voltage for the EPS was determined
experimentally. No electric arcs were measured for voltages lower than 800 V in air un-
der atmospheric pressure. In order to protect the electrode, the maximum voltage in the
laboratory experiment was limited to 600 V.
9.4. Detection and controller unit
9.4.1. Concept of detecting and controlling unit
Fig. 9.3 shows a scheme of the EPS controller with a feedback loop. Fig. 9.4 shows an
controller
set-point +
-
real
value
actuator
detector
controller
output
measured
error
actuator
output
Figure 9.3.: Scheme of the EPS controller with feedback loop.
overview of the concept of measurement and control electronics of the EPS. The test mass
is positioned between the electrodes. The position of the test mass can be varied by using
3The High Voltage Power Supply (HOPS) are manufactured by MATSUSADA PRECISION INC.
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the positioning electrodes. They are supplied by the HOPS with the appropriate voltage.
The signals are passed to a realtime system, which processes them dynamically. For posi-
tioning the test mass, a Proportional Integral Derivative74 (PID) software controller in the
real-time system calculated the appropriate voltage and gives a corresponding signal to the
HOPS. This closes the loop.
In order to determine the position of the test mass independently of the EPS, additional
laser sensors are used. The signals can also be added to the Real-Time System.
HOPS
test mass
and
electrodes
measuring
electronic
(circuit board)
laser sensors
realtime system    PXI - 8196
PXI - 1000B
PXI - 6259         16Bit, +/- 10V
Host
laptop / pc
Figure 9.4.: Concept of the measurement and controller electronic
9.4.2. Electronic detector and controller unit
A block diagram of the electronic unit of the EPS is shown in fig. 9.5. It is similar to the
diagrams used in other experiments [18, 59, 72]. The position of the test mass is detected
with a measuring bridge consisting of the two capacitors Cz1 and Cz2 formed by the sensing
electrodes and the test mass, the two adjustable capacitors Ca1 and Ca2, the two coils L1 and
L2 and a Direct Digital Synthesis chip (DDS-chip)4. The DDS-chip supplies the coils with
a sinusoidal ac voltage with the frequency f0 ≈ 90.8kHz and a phase ϕ0. There is an upper
circuit with voltage U1 and a counter clock wise flowing current I1 and a lower circuit
with voltage U2 and the clock wise flowing current I2. The coils are wound bifiliarly and
their ends are connected to the system in such a way that their currents flow in opposite
4Here the DDS chip model AD9833, a programmable waveform generator, was used.
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Figure 9.5.: Block diagram of the EPS electronic unit with sensor and actuator.
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directions, establishing a differential transformer. They should be as identical as possible,
such that L1 = L2. If the test mass is positioned in the center position and
Ca1 =Ca2, (9.1)
then
d1 = d2 = D/2, (9.2)
which means
Cz1 =Cz2. (9.3)
Hence, it follows
I1− I2 = 0, (9.4)
where I1 and I2 are the complex currents of the two circuits.
If the test mass decreases its distance to one electrode, it increases its distance to the
other. Changing the distance influences the capacitance in the capacitors Cz1 and Cz2 anti-
symmetrically. This increases the current in the one circuit, decreasing it in the other
circuit. The difference in phase and amplitude between the two circuits is measured by the
differential transformer using the secondary coils L3 and L4 and the capacitor Cs connected
in parallel. At the output of the differential transformer, the signal has the frequency f0
and the phase ϕs, which is shifted to those of the DDS-chip. For small displacements of
the test mass, the amplitude does not change much, while the phase changes significantly.
After amplification, the amplitude- and phase detector AD8302 compares the phase of the
signal with the phase of the DDS-chip signal. If the center of the test mass is in the center
position, the currents I1 and I2 are equal and the difference in phase or frequency is zero.
Otherwise, the currents are different and the phase difference is determined by
∆ϕ = ϕ0−ϕs. (9.5)
The phase difference ∆ϕ is converted into a voltage signal by the phase comparator. High
frequency disturbances in the signal are attenuated by a low pass filter, then the signal is
amplified again. Then it is converted by an analog/digital-converter (ADC). At the output
of the measurement electronics, the voltage signal Ureal in the range of 2 to 9 V is available.
The signal is passed to a real time system for Data AcQuisition (DAQ), which processes it
dynamically. From the actual position of the test mass, a software PID controller calculates
the necessary voltage UPID for positioning the test mass to the requested position, given
bei the set-point voltage Uset. The voltage UPID is transfered from the controller to the
actuator elements, which provide the actuating voltage for the electrodes. The actuating
Uact1 voltage can be calculated for electrode E1 by
Uact1 =UAP1−UPID (9.6)
with the working point voltage UAP1 for electrode E1, and Uact2 for electrode E2 by
Uact2 =UAP2 +UPID (9.7)
9.5. Laser reference system 77
with the working point voltage UAP2 for electode E2. For the axial EPS the working
point voltages are equal: UAP1 = UAP2 = UAP = 2.0 V. After the signal was converted by
a digital/analog-converter (DAC), the actuating voltage was transfered to the high voltage
devices HOPS. They converted the voltage to high voltage between 0 V and 600 V, which
can be calculated by
UHV = kHV ·Uact +Uoff, (9.8)
thereby kHV is the scale factor between the actuating voltage and the high voltage (de-
termined by the slope of the characteristic curve of the HOPS), Uoff is the offset voltage
(determined by the y-intercept of the characteristic curve of the HOPS), and Uact is the in-
put voltage of one HOPS (HOPS 1 or HOPS 2). For the EPS, two HOPS were used, which
had only slight differences. HOPS 1 had the parameters kHV 1 = 151.46 and Uoff1 = 1.42V ,
so its output voltage is calculated by:
UHV1 = 151.46 ·Uact1 +1.42 = 151.46 · (2−UPID)+1.42 (9.9)
HOPS 2 had the parameters kHV 2 = 149.16 and Uoff2 = 2.19V , so its output voltage can
be calculated by:
UHV2 = 149.16 ·Uact1 +2.19 = 149.16 · (2+UPID)+2.19 (9.10)
For modelling the system, it will be easier to simplify the equations of the HOPS to one
equation:
UHV,ideal = 150.00 ·Uact +0.00 (9.11)
The HOPS transferred the high voltages to the electrodes. The voltage change in the
positioning electrodes exerts a force on the test mass, which pulls it to the new position,
closing the controller loop.
9.5. Laser reference system
To make a statement about the real movement of the test mass during the investigation of
the EPS, it is necessary to measure the position of the test mass independently of the EPS.
Therefor two laser systems5 were used for optical measurements of the displacement of
the test mass. They work according to a triangulation measurement method. To measure
the position with the laser system, a plate of metal with a white coated area on both sides of
its upper end was fixed on the top of the test mass, see scheme in fig. 9.6. The laser diode
sends a laser ray, which hits the (white and even) surface of the object, whose distance shall
be measured, and is reflected under a certain angle into the direction of the optical input of
the detector. Due to the position of the reflecting area, the laser light enters the detecting
optic under a certain angle and hits its position sensitive Si-detector at a certain point. Via
its electronics, the detector gives a voltage signal Ulaser1 or Ulaser2 in the range of -10 V bis
5PSD System optoNCDT 1605 distributed by MICRO-EPSILON
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Figure 9.6.: Experimental set-up with laser reference sensors to test the radial EPS.
+10 V proportional to the angle and therefore due to the distance of the measured object
relative to laser 1 or laser 2, respectively. The change in distance ∆zlaser can be determined
from the change in voltage ∆Ulaser1,2 by
∆zlaser = klaser ·∆Ulaser1,2, (9.12)
where klaser is a proportionality constant depending on the used lasers sensor modules. In
this experiment the value is klaser = 0.195± 0.003mm/V. The position resolution of the
laser system is 1µm. The two identical laser systems determine the position of the test
mass differentially from both sides in different heights. By comparing the two signals with
each other, the tilting of test mass can be evaluated.
9.6. Shielding of the experimental set-up
Air convection near the experimental set-up induces disturbances. Mechanically, it causes
the test mass to oscillate. And it transports free charge carriers, which change the charge
of the test mass. To minimizes these disturbances, the experimental set-up is shielded with
electrically grounded copper plates.
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Figure 9.7.: Shielding of the test mass against strong air movements and charges in the
ambient of the experiment. It is made of copper plates, which are electrically
grounded. On top of the experiment, the micrometer screws for adjusting the
threads of the test mass suspension are visible.

10. Adjustment and calibration of the
EPS
10.1. Measurement of a change in position
Fig. 10.1 shows the data for the set-point value Uset and the real value Ureal versus time t
of a measurement, in which the test mass is positioned from one position to another.
The test mass has a starting position of −7µm (set-point value 6 V). The real value is
fluctuating around the set-point. At time t1 the set-point value is raised step like to the
new position of 23.6µm (set-point value 7 V) within one time step. This can be seen in the
sharp step in the set-point curve. Immediately, the controller starts to position the test mass
to the new position. The real value shows a step response due to the properties of the EPS
and the parameters of its controller. The real value rises to the new set-point value of 0µm
(6 V), which means the test mass is pulled to the new position. Due to inertia, it does not
stop at the new position, but moves on. The real value swings above the final value with
an overshot. As the controller controls the position, the test mass oscillates around the new
position with damped amplitudes, as can be seen in the real value data. The amplitudes
decrease until the signal reaches the noise level at time t2 and will not leave the noise band
any more. The time t1− t2 is called settling time. In the free fall experiment, the EPS
will be switched off at this time, to release the test mass to free fall. At this point, the rest
velocity of the test mass can be calculated by the derivative of the position.
10.2. Optimal working point and scale factor for the EPS
signal
First of all the EPS and its electronic components were examined by using an oscilloscope
to show, that they operate properly and put out the correct values. Then the system was
adjusted and calibrated, what is described in the next chapters.
The optimal working point of the EPS system is a compromise between a large, linear
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Figure 10.1.: Measurement of position versus time for a step in position from -7 to 0µm (a
set-point value of 5 V to 6 V). The set-point value is plotted in dashed lines,
the real value in straight lines. At time t1 the set-point is raised step like to a
new position. At time t2 the test mass is positioned in a defined range. The
time t2− t1 is the settling time.
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dynamic range coefficient and a high sensitivity of the test mass positioning. The dynamic
range coefficient is a characteristic parameter of the actuator and is defined as the ratio
between the change in the position of test mass dz (measured by an independent position
sensor) and the change of the set-point value dUset:
DRC = dz/dUset. (10.1)
While the sensitivity of the EPS is a characteristic parameter of the sensor and is defined
as the ratio between the change of the real value dUreal and the change of the position of
the test mass dz:
SEN = dUreal/dz (10.2)
Both values depend on the working frequency of the EPS. Therefore, measurements of
the position of the test mass were performed, while the frequency of the oscillation circuit
at the output of the transformer (set via the capacitor CS). The system was optimally set at
a frequency of 92.8 kHz (usual working frequency in the first tests) by using the parameter
of the PID controller. These parameters are kept fixed, while the frequency was changed
from 88.8 kHz, 90.8 kHz, 92.8 kHz, 93.8 kHz and 94.8 kHz. For analysing the optimal fre-
quency the test mass was positioned to different positions and the set-point value and real
value of the EPS and the laser signal of the reference system have been measured. A larger
measurement range has not been possible because the system became increasingly unsta-
ble for lower and higher frequencies. In fig. 10.2 both values have been determined for
different frequencies and plotted into one diagram. While the dynamic range coefficient
of the EPS raises with increasing frequency, the sensitivity decreases. For developing the
EPS, the optimal working point requires a large, linear dynamic range coefficient to po-
sition the test mass to different positions, while the sensitivity has to be high enough for
investigating the position resolution of the EPS. Measurements show that the EPS worked
optimal at a working frequency of about 90.8 kHz. Thus, this frequency defines the opti-
mal working point. Since it is close to the frequency, where the two curves intersect, it is
a good compromise. For lower or larger frequencies the system gets unstable. The reso-
nance frequency of the EPS lies above 100 kHz, explaining the instability of the system in
the higher frequency range. This working point allows for a positioning of the test mass
linearly over quite the whole positioning range of −200µm < z < +200µm. The sensi-
tivity is sufficient for the laboratory experiments. In later experiments, it can be shifted to
smaller frequencies and thus be improved at the expense of the transfer coefficient.
10.2.1. Scale factor for the real values of the EPS
To convert the EPS signals from voltage into position units, a scale factor dz/dU is re-
quired. If the scale factor is even constant for repeated adjustments, the data of different
measurements can be compared. Therefore, an adjustment procedure for setting the work-
ing point was developed and tested on the base of the scale factor by using the EPS and
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Figure 10.2.: Sensitivity and dynamic range coefficient plotted versus working frequency
of the EPS for defining the optimal working point. Dotted and dashed lines
for visualisation.
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the laser reference system at the same time. The entire procedure is described in appendix
D.
To determin the scale factor and checking the adjustment procedure, the test mass is posi-
tioned to different positions distributed in 0.2 V steps over quite the whole working range
and the set-point value, the real value and the laser values were measured (see fig. 10.3).
For determing the scale factor, the avaraged values of the real signal and of the laser sig-
nals are compared (see fig. 10.4). The data show a continuous curve with a slight s-shape.
Since the deviation from a linear curve is minimal, especially in the range around zero,
where the test mass should be positioned for a free fall experiment, the curve can be fitted
with a linear function. Then the scale factor is the derivative of the linear fit function.
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Figure 10.3.: Set-point and measured real value of a measurement of the scale factor. In
this measurement two different methods to determin the scale factor are
shown: the scale factor measurement with 200 mV steps over the whole
working range, or the calibration measurement with 1V steps in the begin-
ning (or the end) of the measurement.
A mean scale factor
kground =
∆z
∆Ureal
= (−23.6±1.0) nm
mV
(10.3)
was reached with the wire connected to the test mass.
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Some measurements of the charateristic parameters consist of different series of positions.
And between those series, there was not enough time to perform a complete measurement
of the scale factor. In that case, a short calibration measurement with only five different
positions distributed over a large part of the working range was performed in the beginning
and/or the end of each series. Fig. 10.5 shows a calibration measurement in the beginning
of the measurement of the scale factor. It is sufficient to determine the real value and the
laser value for three different positions (for example, 6, 5 and 7 kHz). Then the scale factor
of the calibration measurement can be calculated by the derivative of the linear fit function
through the averaged positions (see fig. 10.5), like it was done for the scaling factor of the
complete scale factor measurement described above.
laser signal in μ m
-40 -30 -20 -10 0 10 20 30
re
al
 v
al
ue
 in
 V
4.5
5
5.5
6
6.5
7
7.5
measured values
fit function
z
fit
 = 3.574943e-02 *U
real
 + 6.036840e+00
scale factor = 27.97
Figure 10.5.: Scale factor measured by calibration measurements.
From measurements with both, the short calibration measurement and the longer measure-
ment of the scale factor, both scale factors could be compared with each other. For the
system with a wire connected to the test mass, the difference between both factors deter-
mined to be about 15 %. Later in the drop tower, where the measurement time is limited to
the free fall time, both measurements will not be necessary because a constant scale factor
can be adjusted by the adjustment procedure.
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10.3. Disturbances of the system
While testing the EPS, disturbances have to be taken into account. In the following, the
results of the measurements of some of these will be described.
10.3.1. Paschen effect
For a precise and fast positioning, a high voltage is required. However, at a certain volt-
age, the breakdown voltage, an electrical arc (a fast and intensive exchange of charges)
between the electrodes and the isolated test mass occurs. This is called Paschen effect.
The involved charges come from impact ionization from the isolator (air) or by emission
of electrodes in the vacuum. The main cause for the Paschen effect are particles of dust
between the electrodes and the test mass. Those electrical arcs have to be prevented for
protecting the electrodes and the test mass. Therefor the voltage supplied to the electrodes
must be kept below the breakdown voltage. This voltage is often presented as Paschen
curve of the system.
The course of the Paschen curve depends on many different parameters, for example the
gap between electrode and test mass, the pressure of the system, the type of gas in the gap,
the material of the electrodes, the geometry of electrodes and test mass, the temperature,
the humidity and the number of particles of dust. Thus, the Paschen curve is often pre-
sented for only one parameter, which has the main influence on the breakdown voltage. If
the voltage stays below that voltage, the Paschen effect does not appear and must not be
taken into account.
Since many dependencies of the Paschen effect have to be taken into account for the EPS
system, it would take a lot of time determing a Paschen curve for each parameter. Instead,
the maximum voltage was experimentally measured. No electrical arcs have been mea-
sured for voltages up to 800 V in air at normal pressure and up to 10 kV in Helium gas at
low pressure and cryogenic temperature [42]. Thus, the maximum voltage in the labora-
tory set-up in air at normal pressure is restricted to 600 V.
In the planned free fall experiment, the maximum voltage can be increased by more than
one order of magnitude. Since the force is proportional to the square of the voltage, the
maximal force for positioning will be increased by more than two orders of magnitude and
the test mass can be positioned faster.
10.3.2. Patch effect
During coating a surface, it may come to an uneven distribution of the film, depending on
the coating process. So-called patches arise, contiguous areas with similar characteristics,
e.g. material composition, layer thickness and/or surface structure. They react differently
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to influences and disturbances from outside. This is called Patch effect. In the worst case,
two patches are formed on the surface and the Patch effect becomes maximal. If several
patches arise, their different impacts can cancel each other and the Patch effect is less pro-
nounced.
The production of electrodes for EPS1 is carried out on the flat surface of the carrier struc-
ture. For the coating with gold, a technique of coating wafers is used. The entire surface
is evenly coated in one processing step. In principle, only one large patch over the entire
area should be created and the Patch effect should become minimal.
In 1992 ROSSI & OPAT examined patches on gold surfaces and their changes when they
were kept in a vacuum or under air (with oxidation). They showed that the patches can
change over time and that the patch effect was reduced over time if the gold surfaces were
exposed to air [136]. For the electrodes of the axial EPS, this means that the patch effect
is further reduced with time if the electrodes are stored in air.
In 1967 WITTEBORN & FAIRBANK examined the total force experienced by an elec-
tron during a flight along the axis of a vertical copper tube and received a value of ±6×
10−12 V/m, what corresponds to an electric environment field of −5×10−11 V/m. This is
a significant deviation from the theoretically calculated value of 10−6− 10−7 V/m corre-
sponds. Then LOCKHART ET AL. studied the electrical environment field with the same
apparatus again more accurate, especially at cryogenic temperatures [90]. They noted that
the electric field was reduced by one order of magnitude for cryogenic temperatures and
even decreased by several orders of magnitude at lower than 4.5 K. They explained this
with the fact that a copper oxide layer of about 20 Å raises on the copper layer of the tube.
On that surface there are electrodes, which lead to a shielding of the electric field. Thus,
the Patch effect is reduced.
However, in a erratum from 1991 [91], the authors stated that all values below 7,4×
10−6 V/m measured at a temperature of 10 K are not reliable because the residual gas was
considered too low in the above measurement. In other words, the jump below 4.5 K is not
reliable verified.
Thus, no reliable statement of changes in patch effect at cryogenic temperatures can be
made for the electrodes of EPS1. In this work, however, it is assumed that the electrodes
consist of one patch each and that the Patch effect is therefore negligible.
10.3.3. Long time stability
The long time stability of the EPS and its influence on the short time measurements was
investigated. Measurements of 2 up to 2.5 hours show, that the whole system slowly leaves
the optimal working point, which is called drift. It can be divided into a drift of the laser
reference system (see next section) and a drift of the EPS system.
The drift of the EPS was measured with a constant position of the test mass. Therefore,
the system was mechanically moved, so the test mass was not in the center position, but in
contact with the spacers of one electrode.
The EPS measures the real value as a voltage signal. The drift is determined in the follow-
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Figure 10.6.: Measurement of the drift with the test mass in a fixed position at the spacers
of one electrode: real value versus time. The peaks are caused by external
disturbances.
ing steps:
1. read out of raw data from the LabView-files and adopt them for MatLab.
2. First graphical presentation of the row data by using Matlab for checking their avail-
ability für data analysis.
3. Filtering the data by using the filter described in sec. 10.4 for reducing unwanted,
high frequencies.
4. Disturbances of the signal have to be avoided during measurement.
5. Then the different signals are calculated to their correct units (see sec. 10.5). For
analysing the Signals a linear regression is done to get a fit function.
Fig. 10.6 shows an example of such a measurement. The drift showed no preferred di-
rection, thus only a range can be determined. The drift of the EPS lies in a range of
±6.4×10−11 m/s. This is neglectable for short time measurements of a few seconds.
10.3. Disturbances of the system 91
10.3.4. Long term stability of laser signals
In order to get a good laser signal, it is important to align the laser sensors in the experi-
mental set-up. Therefore, the following steps are performed:
1. The position of the test mass is measured by means of two structurally identical
lasers and are available as voltage signals.
2. Both signals are filtered with a low pass filter,
3. The laser signals of the positions with a set-point of 6 V (center position) are deter-
mined.
4. For each laser signal the mean value of the 6 V positions is calculated.
5. The average values from the previous step are substracted from each laser signal as
an offset (calibration to the center position)
6. The two laser signals are combined into one signal as follows:
Ulaser = (Ulaser1−Ulaser2)/2. (10.4)
The long time stability of the EPS can be divided into a drift of the laser reference system
and a drift of the EPS system (see section before).
The drift of the laser systems was measured with a constant position of the test mass.
Therefore, the system was mechanically shifted, so the test mass was not in the center
position, but in contact with the spacers of one electrode.
Fig. 10.7 shows a drift measurement of the laser system. The measurement data show
a noticeably warming up, which influences the position detection. The laser signals are
displaced by 10µm within 20 minutes. Taking into account the warming up of the laser,
the measurement is started afterwards, when the lasers show a constant behavior within
the noise of the system. Now a reliable and stable positioning is possible.
The repetition of this study shows that in all long-term measurements a drift of laser signals
of several micrometers occur, but without any preferred direction. Thus, it is not possible
to get a fit function, but to specify a drift region (an interval in which the signal ends after
a certain time). For this purpose, several measurements are compared and the drift region
after a certain time, for example after 2 hours determined.
A mean laser drift region of ±3.58× 10−6 m after 7000 s was measured. This means a
laser drift of ±5.11×10−10 m/s, which is neglectable small for short measurements.
10.3.5. External disturbances
Since the EPS is designed for a maximum sensitivity, it can easily be influenced by external
disturbances. Vibrations by large objects, like cars and trucks moving on the street in front
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Figure 10.7.: Laser signal measured with fixed set-point and fixed test mass position.
of the laboratory, are obvious. However, the system is sensitive enough to be influenced by
persons moving on the hallway outside the laboratory. And even slight air convections near
the experimental set-up have significant influence as mentioned above. Those disturbances
are larger than the noise level of the system and can be identified as sudden movements
of the test mass, resulting in damped oscillation due to the response of the controller. In
fig. 10.6 such disturbances can be seen als narrow peaks in the measurement of the EPS
drift. Here the damped oscillations are reduced to a minimum because the test mass hits
the spacers.
Fig. 10.8 shows another measurement with external disturbances in the first quater of the
measurement. Subsequent filtering is difficult, since the disturbing frequencies lie close to
the signal frequencies. Thus, external disturbances are minimized by mechanically decou-
pling the experiment from the environment and using a quiet measurement environment.
10.3.6. Instability of the controller
If the external disturbances are too large, or the controller parameters are set near the
limit, the positioning control can be suspended. Controller instabilities could be observed
during some long time measurements. An example is shown in fig. 10.9. After 800 s
measurement, a large external disturbance disrupts the EPS system, which cannot position
the test mass properly any more. The test mass begins to oscillate. Its amplitudes raise,
until they reach a maximum at t = 832s. At that moment, the test mass hits the spacer and
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Figure 10.9.: Instability of the controller caused by an external disturbance: set-point value
versus time.
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Figure 10.10.: Measurement of the charging and discharging of the test mass during posi-
tioning: real value versus time.
stays there. A further positioning by the EPS is not possible until the test mass is kicked
manually (for example by knocking on the table of the experiment) to move freely again.
Then, the EPS positions the test mass to the requested position within 7 s. This is a very
long time and shows, that the controller is unstable. The PID controller parameters have
to be reset.
10.3.7. Charging of the test mass
For positioning, the test mass should be uncharged, i.e. electrically neutral. A charged test
mass cannot move freely, because different forces, for example the Coulomb force or the
Lorentz force, act on it, which has to be avoided [148, 156–158]. As long as the test mass
is electrically grounded, it cannot be charged by external influences. If the test mass is
electrically isolated by cutting off the grounding wire, charged particles in the ambient air
can be accumulated and charge it.
In fig. 10.10, the real value and the set-point value plotted versus time show a charging
during positioning of the test mass. As the test mass gets more and more charged, it cannot
be positioned properly any more and starts to oscillate. Its amplitudes raise until the test
mass hits the spacer and gets discharged. Then the EPS is able to position the test mass
properly again.
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The charging of test masses is well kown in satellite mission. Calculations for MiniSTEP
show, that charging of the test masses will occur during the passage of the South Atlantic
Anomaly (SAA) and will be about 3× 10−13C in the worst case. Furthermore, the test
masses get charged by particles of the solar wind by about 5× 10−12 C [157]. SUMNER
ET AL. have investigated this for the mission LISA and MiniSTEP [156–158]. LISA will
fly at an interplanetar, heliocentric orbit and will be exposed to cosmic rays, which will
result in a steady charging rate of 11 ± 5 protons / seconds. Additionally, the particles of
the solar wind will lead to an unusually high charging of 5 ·10−9 protons / second [157].
The free fall experiment at the drop tower Bremen as an earth-bound experiment is largely
protected by the atmosphere of the Earth. Thus, cosmic rays and particles of the solar
wind will have no visible effect on the charge of the test masses. However, the surrounding
structure and charge particles in the ambient air around the experiment will have a large
influence on the charge of the test mass. For a free fall, this charging must be minimized.
First measurements of the EPS showed no charging of the test mass, because the test
mass was connected to a grounded gold wire and therefore had a defined potential. Later
experiments were performed without the gold wire. No charging was measured during
short time measurements, because the test mass were in contact with the grounded spacer
just before the measurements started and therefore had the same potential. However, in
some long time measurements, a charging and discharing of the test mass was detected.
An electrical shielding of the experimental set-up by plates made of copper could minimize
the charging sufficiently (see sec. 9.6).
The case of the short time measurements will apply to the free fall experiment later. Before
the experiment, the test mass will be in contact with the spacer in the carrier of the axial
electrodes and is electrically grounded. During the free fall, the experiment is shielded and
the experimental time is so short, that the test mass will not get charged. The charging can
be minimized by choosing materials in the experimental set-up, which do not easily emit
free charge carriers, and by mechanically and electrically shielding the whole experiment
with plates of copper, which are connected to the ground potential. In short experiments
with no wire connected to the test mass, the charging is neglectable if the test mass is
discharged before the experiment by touching the spacers.
10.4. Frequency analysis and filtering of the EPS
In fig. 12.6 a significant noise can be seen on the EPS real value, which is reduced by
filtering the data. A frequency analysis of the EPS system is shown in fig. 10.11.
The sampling frequency of the EPS is fsamp ≈ 250Hz, limited by the speed of data pro-
cessing including detecting and controlling the position of the test mass and recording
the measured data. According to the sampling theorem, only frequencies up to fsignal <
fsamp/2 ≈ 125Hz can be analyzed. The lower end of the frequency range is limited by
the length of the measurement. For the short measurements of 5 to 6 s, the lower limit
of the frequency range is at least 0.2 Hz. The frequency range of the mechanical move-
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ment of the test mass can be divided into two parts. In the lower part up to about 4 Hz,
the frequencies of the EPS system are dominant, while in the upper part above 4 Hz, the
frequencies of the noise are dominant. System and noise frequencies have to be analyzed
in more detail for enhanced filtering. The frequencies of the measurement data are limited
to a frequency range below 4 Hz to improve the results and to show where the test mass is
positioned on the average. This was done by filtering the measured data with a low pass
filter, a Finite Impulse Responce filter (FIR filter) of the equiripple method programmed
with Matlab, with an amplitude in the passing range of Apass = −1dB and in the filtering
range of Astop =−80dB. Because of the low frequency range, the filters have large flank-
ing regions, where some of the frequencies are not suppressed to the fullest extent. This
has to be taken into account, when analyzing the filtered signals.
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Figure 10.11.: Frequency spectrum of the EPS using a fast Fourier transformation in
Matlab.
10.5. Measurable signals
After the adjustment procedures described in this chapter, the signals listed in table 10.1
are measureable with the experimental set-up for the axial EPS. For data analysis, the
signals have to be converted in the correct units and optionally adjusted in their offset (as
described in the sections above):
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signal symbol unit of unit of
raw data converted data
time t [s]
set-point Uset [V] [µm]
real value Ureal [V] [µm]
real value (phase shift) ϕreal [V] [◦]
output of PID controller UPID [V]
temperature Tvolt [V]
TKelvin [K]
TCelsius [◦C]
laser 1 Ulaser1 [V] [µm]
laser 2 Ulaser2 [V] [µm]
laser (combination of laser1 and laser2) Ulaser [V] [µm]
actuating voltage 1 Uact1 [V]
actuating voltage 2 Uact2 [V]
Table 10.1.: Measurable signals.
• The set-point signal Uset and the real value Ureal are measured as voltage signals. For
an accurate indication of the position of the test mass, it is necessary to convert the
voltage signals into a position signals by muliplicating with the scale factor kground
from eq. 10.3 (see sec. 10.2.1 on page 85) or kunground from eq. 12.1 (see sec. 12.6
on page 123), depending on the system properties.
• The laser signals are measured as voltage signals Ulaser1 and Ulaser2. The signal Ulaser
is combined from those signals by eq. 10.4. They can all be converted into position
signals by eq. 9.12 (see sec. 9.5 on page 78).
• To investigate the system in more detail, it is helpful to consider the phase shift
of the system ∆ϕreal. It can be calculated from the voltage signal Ureal by using
the amplification factor of the low-pass amplifier and the characteristic curve of the
phase discriminator AD8302:
∆ϕreal =Ureal/5.51 ·100◦/V−180◦. (10.5)
• The temperature is measured as an voltage signal Tvolt, but can be converted in to
Kelvin:
TKelvin = 32.5
K
V
·Tvolt (10.6)
and further in degrees Celsius (subtraction of 273.15):
TCelsius = TKelvin−273.15. (10.7)
• Time t, the output of the PID controller UPID and the setting voltages Ustell1 and
Ustell2 remain unconverted, because they already have the correct units.

11. Measurement of the maximum force
exerted on the test mass
11.1. Force measurement concept and experimental set-up
To measure the force of the EPS acting on the test mass, a precise analytical balance with
below-balance weighing equipment1 was used.
Fig. 11.1 shows a scheme and fig. 11.2 a photo of the experimental set-up. A cylindrical
laboratory test mass made of steel with a weight of m = 11.7g was suspended with a thread
attached to the weigh cell. For the thread the same material like in the EPS set-up was used.
The test mass is suspended with its rotational axis parallel to the thread. Below the test
mass, one electrode was installed and connected to the HOPS.
Fig. 11.3 shows an electrical scheme of the experimental set-up. The balance with the
suspended test mass is mounted on a height-adjustable platform for a precise positioning
above the electrode. The test mass is positioned with its lower plane side parallel to the
electrode with distances of 300, 400 or 500µm. The position resolution of the platform
was in the micrometer range (measured with a dial gauge). Errors in angle and changes in
the suspension of the test mass cause errors of the position.
For adjusting the distance between test mass and electrode, one of the following methods
was used:
Method 1: For the first experiments, precise manufactured plates have been used like a
feeler gauge to adjust the distances between test mass and electrode. Therefore, a plate in
the requested thickness (300, 400 or 500µm) was placed on the upper side of the electrode.
Then the test mass was slowly moved down towards the plate by moving the balance
downwards, until the test mass touches the plate. The bottom plane side of the test mass
and the electrode are positioned parallel to each other by visual judgement. Then, the plate
is removed. Once the test mass no longer oscillated, the measurement could be started.
Because of the test mass oscillations, the adjustment by this method toke some time. And
it was not very precise, because of the adjustment by visual judgement.
Method 2: Then a more precise methode was developed. A micrometer screw was placed
under the height adjustable platform of the balance. Then the balance was moved down
1Analytical precision balance LA310S manufactured by Sartorius with measurement accuracy of
0.0001 g and a maximum weight of 310 g.
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Figure 11.1.: Scheme of the experimental set-up to measure the force exerted on the test
mass.
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Figure 11.2.: Photo of the experimental set-up of the measurement of the force between
test mass and electrode.
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Figure 11.3.: Electrical scheme of set-up of the measurement of the force between elec-
trode and test mass.
ward untill the test mass touches the spacer of the electrode. The actual position was read
by the micrometer gauge. The bottom side of the test mass and the electrode area are
aligned parallel to each other by visual judgement. The value of the requested distance
(300, 400 or 500µm) was added and then the balance was raised with reference to the
display of the micrometer gauge until the test mass has reached the requested distance to
the electrode. With this method, the swinging of the test component is not as strong as
with the first method and the oscillations fade out faster, so that the measurement can be
started more quickly.
Because of these procedures and calibrations between the measurements, the errors of the
absolute position were reduced below 10µm. If a voltage between 0 V and 600 V (in
steps of 100 V) is applied to the electrode, the test mass is drawn to the electrode. By the
thread between test mass and the device on the bottom of the balance, the weighing cell is
influenced and shows the weight. The weight m of test mass is converted into force F .
11.2. Measurement procedure and data
First, the force exerted on the test mass was measured, while the EPS was not yet switched
on, with a distance between test mass and electrode of 100µm. The electrode, with
switched of power supply, had no effect on the test mass, so the scale measures only
the pure weight of the test mass. After pressing the tara key, the obtained values fluctuate
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minimally (1 digit) to the zero value. The variations are in the order of accuracy of the
balance. Larger peaks in the signal could clearly be correlated with external disturbances,
e.g. street traffic infront of the laboratory.
Then the test mass was positioned in a distance of 300µm to the electrode, and a voltage
of 300 V was supplied to the electrode by using the HOPS. Using the balance, a force of
about 0.5 mN was measured.
With a constant experimental set-up and a constant voltage, the measured force should be
constant within the accuracy of the system. A constant experimental set-up meant, that
the suspension of the test mass did not change significantly within the accuracy of the sys-
tem. Then the influence of the length of the thread was minimal and could be neglected.
To guarantee this, the material of the thread was chosen to not change the length of the
suspension significantly after one or two days of hanging. Investigations of different ma-
terials show, that a thread made of cotton is not usable, because it still changes its length
after several days of hanging, and it changes its length according to fluctuations of the
ambient conditions of humidity and temperature. In contrast, a thread made of Dyneema
remained its length constant within the accuracy after hanging one day, and did not change
significantly according to fluctuations of humidity. In addition, the thread was attached to
the balance and the test mass, so the connection (loop with a knot) did not change after
hanging for one day. So, the influence on the length of the thread was negligible, too.
For investigating the force exerted on the test mass, the voltage of the electrode was change
by the EPS controller to different values and then holded for about 10 s, while the weighing
balance measured the weight. A time course of such a measurement is shown in fig. 11.4.
Such a course was measured for different distances between test mass and electrode.
In fig. 11.5, the average value of the force of each step was estimated and plotted versus
the voltage applied to the electrode with the distance between test mass and electrode as a
parameter. In all six measurement series, the force increases with increasing voltage. The
fit functions show a quadratic correlation between force and voltage:
F ∝U2, (11.1)
which is expected for an ideal plate capacitor.
Fig. 11.6 shows the same average values of the force of each step this time plotted versus
the distance between electrode and test mass with the voltage as a parameter. Although
only three distances have been measured, the relation
F ∝
1
d2
(11.2)
can be assumed, which is expected for an ideal plate capacitor, too.
These measurements have been performed with a wire connected to the test mass for elec-
trically grounding ist. For comparison, there have also been performed measurements after
cutting off this wire. Qualitatively, the measured values did not differ, quantitatively there
was a distinct difference. The measured force with wire at the test mass was higher than
that without the wire.
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Figure 11.4.: Force versus time of a measurement of the force exerted in the test mass by
the EPS for different set-point voltages each holded for 10 s. The distance
between electrode and test mass at the beginning of the measurement was
adjusted to 400µm.
Figure 11.5.: Measured force exerted by one electrode on the test mass versus distances be-
tween electrode and test mass with the parameter voltage between electrode
and test mass.
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Figure 11.6.: Measured force between electrode and test mass versus voltage with the
paramter distances between electrode and test mass.
11.3. Discussion and results
11.3.1. Fit-function for the force
Using the equation for the plate capacitor, we obtain the force:
Ftheo =
1
2
ε0 · εr ·ATMU
2
d2
(11.3)
where ε0 = 8.85×10−12As/(Vm) is the permittivity of vacuum, εr = 1.00059 is the rel-
ative permittivity in air, ATM is the bottom surface area of the test mass, U is the voltage
applied to the actuator electrode and d is the distance between electrode and test mass.
A comparision of the measurement data with the theoretical calculated force showed large
differences. The assumption, that the electrode and the bottom side of the test mass can be
compared to a plate capacitor, is not sufficient for this system. The ideal plate capacitor
has infinite plates, so edge effects can be neglected. Real electrodes like the EPS elec-
trodes are finite and have a complex structure. And since electrodes and test mass may
have a different potential, their influence on the electrical field between them, is influenced
in many different ways, which has an effect on the force.
The theoretical calculations of the force have to be expanded and corrected to find a fit
function for the measured data.
A closer examination of the measured force showed, the theoretical force could be ex-
panded to fit the measured values by adding a force, which is dependent of the square of
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the voltage U2 between the test mass and the electrode (see fig. 11.7). This leads to a
Figure 11.7.: Correction force versus voltage and its fit function, which is proportional to
U2. Note: in the equation y means Fcorr and x means U .
correction term between calculated force Ftheo and the measured force Freal
Freal = Ftheo−Fcorr (11.4)
with the correction force
Fcorr(U) = kcorr ·U2, (11.5)
which is proportional to the square of the voltage. The correction constant was measured
for this concrete system:
kcorr = 3.5×10−10 NV2 . (11.6)
It is optimized for distances around 400µm, where the test mass is mainly positioned,
taking into account larger deviations for smaller distances.
11.3.2. Maximum force
From eq. 11.4 the force F1 exerted on the test mass by electrode E1 is:
F1 = ε0 · εr ·ATM ·U
2
1
d21
− kcorr ·U21 (11.7)
11.3. Discussion and results 107
And the force F2 exerted by electrodeE2 is:
F2 = ε0 · εr ·ATM ·U
2
2
d22
− kcorr ·U22 (11.8)
The maximal force of the EPS can be calculated by
Fmax = F1,max−F2,min. (11.9)
With a minimal distance d2,min = 200µm between test mass and electrode 2, a maximal
distance d1,max = 600µm between test mass and electrode 1, a maximal voltage U2,max =
600V at electrode 2 and a minimal voltage U1,min = 0V at electrode 1, this results in a
maximum force Fmax, which pulls the test mass in direction of electrode 2:
Fmax = 2.88mN. (11.10)
Although this value for a distance of 200µm is extrapolated, it can be used as the maximum
force, because the forces to position the test mass at distances around 400µm are much
lower.
11.3.3. Maximum capacity
From the maximum force Fmax the maximum capacity Cmax between the test mass and the
electrode can be calculated by
Cmax = Fmax ·d/U (11.11)
The maximum capacity for the axial EPS is calculated to be
Cmax = 1.85pF. (11.12)
11.3.4. Maximum acceleration
With the weight of the test mass, the maximum force of eq. (11.10) and the Newton’s
second law the maximum acceleration is
amax =
Fmax
m
= 0.25m/s2. (11.13)
Applying the maximum force, the upper limit for the velocity after one time step (ts =
0.004s at a sampling rate of 250Hz) can be calculated by
∆vmax = amax · ts = 0.98mm/s. (11.14)
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And by further assuming that the test mass has no starting velocity v0, the upper limit for
the distance travelled in the first time step can be calculated by
smax = 1/2 ·amax · t2s = 1.97µm. (11.15)
The typical accelerations around the center position z = 0 are much lower, e.g. between
0.03 and 0.13 mm/s2.
11.4. Modelling of the axial EPS
11.4.1. Calculation of the system without back force
If there is no force acting on the test mass except gravitation and the EPS, for example at
the beginning of the free fall experiment, there is no back force and the position z can be
calculated as a function of the controler voltage UPID. This equation describes the open
loop controlled system (in german Steuerstrecke).
With eq. (8.6), (8.7) and (8.8), the resulting force Fres can be calculated. For positioning
the test mass, the resulting force becomes zero and the position z can be calculated as a
funktion of the voltage UPID:
F2−F1 = 0 (11.16)
1
2
ε0 · εr ·A · U
2
HV2
(d0− z)2 −
1
2
ε0 · εr ·A · U
2
HV1
(d0 + z)2
= 0 (11.17)
U2HV2
(d0− z)2 −
U2HV1
(d0 + z)2
= 0 (11.18)
U2HV2
(d0− z)2 =
U2HV1
(d0 + z)2
(11.19)
UHV2
d0− z =
UHV1
d0 + z
(11.20)
With eq. (9.8) for the HOPS the equilibrium can be written as
kHV2 ·Uact2 +Uoff2
d0− z −
kHV1 ·Uact1 +Uoff1
d0 + z
= 0 (11.21)
Inserting the actuating voltage from eq. (9.6) and (9.7) results in
kHV2 · (UAP2 +UPID)+Uoff2
(d0− z) −
kHV1 · (UAP1−UPID)+Uoff1
(d0 + z)
= 0 (11.22)
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This results in
kHV2 · (UAP2 +UPID)+Uoff2
d0− z −
kHV1 · (UAP1−UPID)+Uoff1
d0 + z
= 0 (11.23)
With UAP1 =UAP2 =UAP and solving eq. (11.23) for z (see appendix C.2), an equation for
the position as a function of UPID is obtained:
z(UPID) = −d0 · (kHV2 · (UAP2 +UPID)+Uoff2)− (kHV1 · (UAP−UPID)+Uoff1)
(kHV2 · (UAP +UPID)+Uoff2)+(kHV1 · (UAP−UPID)+Uoff1)
(11.24)
With the high voltages UHV1 from eq. (9.9) and UHV2 from eq. (9.10), the equation for
z(UPID) reduces to:
z(UHV1,UHV2) = −d0 ·UHV2−UHV1UHV2 +UHV1 (11.25)
For EPS the following values are used: UAP1 = UAP2 = 2, kHV 1 = 149.16, Uo f f 1 = 2.19,
kHV 2 = 151.46 and Uo f f 2 = 1.42.
With this equation the curves for the open loop controlled system can be calculated. The
acceleration of the test mass in z-direction caused by the force exerted on the test mass by
the resulting force Fres can be calculated from the Newtonian equation
a = Fres/mi, (11.26)
where mi is the inertial mass of the test mass. The velocity v in z-direction at time t can
be calculated by
v(t) =
1
2
·a · t + v0, (11.27)
where v0 is the initial velocity. The distance s moved in time t can be caculated by
s(t) =
1
2
· v · t (11.28)
This distance is added to the actual position z1 (in the beginning of the simulation the
starting position z0) to get the new position z2:
zn = zn−1 + s(ts) with n = 1,2,3, ... (11.29)
Thus, the new position can be calculated time step by time step from the values of UPID.
If the starting position is z0 = 0 and the starting velocity is v0 = 0 and no back force is
taken into account, the test mass will be controlled to the position z(UPID = 0) = 0µm
by inserting a constant value UPID = 0. If UPID is increased to 1 for the same starting
parameters, the test mass will be controlled to the position z(UPID = 1) = 300µm.
Plotting the forces F1 and F2 versus the position for different values of UPID results in
the diagram of characteristic curves in fig. 11.8. The test mass is position at the point of
intersection of the two force curves which belong to the same value of UPID (plotted in the
same color).
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Figure 11.8.: Diagram with characteristic curves: force plotted versus position depending
of the applied voltage. Curves with the same UPID are plotted in the same
color. The test mass is positioned at the equilibrium of the two curves for the
same UPID, which is the point of intersection of the curves (marked by black
dots).
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11.4.2. Calculation of the open loop controlled system with back force
The equations in the section above are valid for an ideal system with a test mass in free
fall on which no external forces except gravitation are exerted, for example in the free fall
experiment. In the laboratory experiment, the test mass is suspended for compensating the
gravitational force pulling the test mass to the ground and thereby forcing it into a center
position. In the center position, there is no back force acting on the test mass. If the test
mass is deflected from the center position, the back force pulls the test mass back to the
center position. This has to be taken into account while calculating the position z as a
function of UPID.
The resulting force Fres for the system with back force is calculated by eq. (8.14):
Fres =
1
2
ε0εrA
(d0− z)2U
2
2 −
1
2
ε0εrA
(d0 + z)2
U21 −
m ·g
l
· z, (11.30)
In the equilibrium the resulting force is zero:
ε0 · εr ·A ·
(
U2HV2
(D2 − z)2
− U
2
HV1
(D2 + z)
2
)
− m ·g
l
· = 0 (11.31)
This equation must be solved for z to get a function for the position z depending on UPID.
After some rewriting (see appendix C.3), one gets
− m·gl·ε0·εr·Az5 +2
m·g
l··ε0·εr·A
(D
2
)2 z3 + ((UHV2)2− (UHV1)2)z2
+
(
2(UHV2)2 D2 +2(UHV1)
2 D
2 − m·gl·ε0·εr·A
(D
2
)4)z
+
(D
2
)2 (
(UHV2)2− (UHV1)2
)
= 0 (11.32)
This is an equation of the fifth order with the following form:
c1 · z5 + c2 · z3 + c3 · z2 + c4 · z+ c5 = 0 (11.33)
This can be converted into the following form:
z5 + c6 · z3 + c7 · z2 + c8 · z+ c9 = 0 (11.34)
Because there is no analytic solution known to this equation, a numeric solution is devel-
oped.
Therefore, the difference between force F2 and F1 and the back force Fback are plotted in
two different curves, see fig. 11.9.
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Figure 11.9.: Diagram with characteristic curves: force plotted versus position depending
of the applied voltage for the system with back force. The test mass is po-
sitioned at the equilibriums of the three forces, which are the intersection
points of the curves (marked by black dots).
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Excel solver options:
maximum time: 500 seconds
iterations: 10000
resolution: 1.00E-09
tolerance: 5 %
convergence: 1.00E-08
linear model provided: no
non-negative provided: no
using automatic scaling: no
display iteration results: no
estimation: linear: yes quadratic: no
difference: forward: yes central: no
searching: newton: yes gradient: no
Table 11.1.: Parameters for the solver in Excel.
The curves intersect where the forces are in balance. This position can be read out by the
points of intersection in the plot. By calculating the difference between the analytically
calculated position without taking the back force into account and the read out position, a
correction function for the position with taking the back force into account can be calcu-
lated, see fig. 11.10.
The the positions of the points of intersection can also be found by using a solver. Here
the solver in excel is used with the following parameters:
The correction function by the solver for the position with taking the back force into ac-
count can also be seen in fig. 11.10. With this function the points of intersection have
been marked in fig. 11.9. Now it is possible to calculated the position of the open loop
controlled system with back force.
The next step would be to simulate the position of the closed loop controlled system.
Therefore, the equation for the controller is needed. For the axial EPS a PID controller is
used. Its output signal u(t) can be calculated from the input signal e(t) by:
u(t) = KP · e(t)+KI
∫ t
0
e(τ)dτ+KD
d
dt
e(t), (11.35)
where KP, KI and KD are the coefficients for the proportional, integral and derivative part
of the controller [43]. The transfer function of this equation is:
GC(s) = KP +
KI
s
+KD · s, (11.36)
where s is the Laplace variable [43].
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Figure 11.10.: Correction of the position for a system with back force.
12. Measurement of the characteristic
parameters
12.1. Positioning time and settling time
In the drop dower Bremen, the free fall time is 4.7 s. Since most of the time should be used
for the experiment, it is important to position the test mass as fast as possible. Fig. 12.1
shows a measurement of a position change and marks how the position time can be spec-
ified by determining the settling time. Depending on the parameters of the PID controler
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Figure 12.1.: Sketch of specifying the positioning time by determining the settling time of
the real value measured during a position change.
and the adjustment of the whole system, the settling time variies between 1 and 2 seconds.
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For further investigation, the signal from the beginning of the measurement until the set-
tling time can be cut off. Then it is possible to calculate averages of the positions without
the slope of the position change.
12.2. Velocity of the test mass
The test mass should not leave the working range of the EPS and later also of the SQUID
sensors. Therefore, the velocity of the test mass after positioning should not be larger than
0.1µ/s. Therefore the derivative from the real value to the time is calculated at the end of
the settling time. A principle skatch can be seen in fig. 12.2. The calculation result of a
position measurement can be seen in fig. 12.3. The velocity of the test mass at the end of
the settling time at t = 1 s lies in the range ±0.05µm, which fullfills the requirements.
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Figure 12.2.: Principle sketch of calculating the velocity of the test mass at the end of the
settling time.
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Figure 12.3.: Velocity of the test mass calculated from the real value
12.3. Position resolution
The frequency analysis can be used to determine the position resolution of the axial EPS.
Therefore, a frequency spectrum of the position data Ureal converted into µm for the system
with grounding of the test mass is calculated, see fig. 12.4. The maximum amplitude in
the frequency spectrum gives the maximum position resolution, which is 2.0µm at the
frequency f = 0.6 Hz. This is very high, since the performance showed smaller values.
However, for higher frequencies, the amplitude decreases. Thus, the frequency should be
limited to frequencies between 5.5 and 125.0 Hz to fullfill the requested position resolution
of ∆~z≤ 300 nm used on page 62.
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Figure 12.4.: Frequency spectrum of the position data the axial EPS with grounding of the
test mass. The fourier transformation of the position calculated with Matlab
is plotted versus the frequency.
12.4. Performance
12.4.1. Performance of the system without filtering
The resolution of the laser system of 1µm was sufficient for first investigations, but to
evaluate the position resolution of the EPS a reference sensor with a higher resolution is
required. It is planned to use the SQUID position sensor as a reference system, when the
EPS is integrated into the free fall experiment. Until then, the EPS itself is used for a first
estimation of the position resolution. Therefore, the real values of step measurements with
different step heights are compared. For each step measurement, the set-point starts from
the value of the center position and jumps to a new value. The set-point is increased in
steps of 10 mV, forcing the test mass to its new position. Such a course of set-point values
can be seen in the plot of voltage versus time in fig. 12.5.
For comparison, the real values of each step are cut out and plotted versus time, then the
plots are superimposed in one diagram. An example of the comparison of 16 different
steps is shown in fig. 12.6. For each step, the real value is plotted in a different color and
line style. The set-point value for each step is plotted in black. The transient response in
these measurements is different to those from fig. 10.1, because the changes in position
are smaller and the PID controller parameters have been changed. A separation of the
different positions with a difference in their set-points of 10 mV is possible. Converted
12.4. Performance 119
0 50 100 150
−10
−5
0
5
10
15
time in s
se
t−
po
in
t v
al
ue
 a
nd
 r
ea
l v
al
ue
 in
  μ
m
 
 
real value
set−point value
Figure 12.5.: Set-point values versus time for measuring the position resolution of the EPS.
with the scale factor of eq. (10.3), this corresponds to a position resolution of 236 nm.
12.4.2. Performance of the filtered system
The real value of the measurement used in fig. 12.6 was filtered as described above and
plotted versus time in fig. 12.7. The different positions are clearly separated from one
another. It can be observed, that the resolution limit of the EPS is not reached yet, therefore
smaller position differences with set-point steps of 5 mV were measured. Converted with
a scale factor of eq. (10.3), this corresponds to a position resolution of 118 nm. Better
resolutions may be possible, but have not been investigated, as the requirements for the
positioning system (see sec. 5.2) are already fulfilled.
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Figure 12.6.: Performance of the EPS: Set-point and real value versus time. Set-point plot-
ted in black, unfiltered real value of the EPS plotted in colors ( with ground-
ing of the test mass, optimal PID controller parameters, quiet environment of
the measurement, 10 mV steps).
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Figure 12.7.: Position of the EPS versus time. Set-point plotted in black, filtered real value
of the EPS plotted in colors ( with grounding of the test mass, optimal PID
controller parameters, quiet environment of the measurement, 10 mV steps).
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12.5. Reproducibility
Since in all measurements several series have been performed, the reproducibility can be
determined. Fig. 12.8 shows the procedure. All positionings from and to the same position
are cut out of the series and are plotted superposed into one diagramm (see the lower row
in Fig. 12.8).
Figure 12.8.: Sketch of determination of the reproducibility.
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12.6. Measurement of the system with and without
grounding wire
The EPS was initially designed and tested with a wire connected to the test mass for elec-
trically grounding it. This guarantees a defined electric potential of the test mass, making
it easier to find stable controller parameters. However, the wire influences the motion of
the test mass mechanically. Thus, the EPS was also tested without the wire.
Fig. 12.9 shows a position versus time plot of the data of two measurements, one with the
wire connected to the test mass, and one without. The measurements have been performed
immediately after each other, just separated by cutting off the wire. No controller parame-
ters have been changed. The position of the test mass was changed from a set-point value
of 6 V to a set-point value of 7 V in both cases. This means a positioning from 0 to 23.6µm
for the test mass with wire. After cutting off the wire, the EPS still works correctly and po-
sitions the test mass properly from 6 to 7 V. This was unexpected, because the parameters
of the controller had not been adapted to the new system properties. Although the set-point
values were the same in both cases, the positioning results in different final positions as
shown in fig. 12.9, because the scale factor of the system has changed by cutting off the
wire. The EPS without the wire has a mean scale factor of
kunground =
∆z
∆Ureal
= (−33.2±1.1) nm
mV
. (12.1)
This is 40% higher than the scale factor of the system with the wire, see eq. (10.3).
Furthermore, the system without wire has a slightly higher noise level. It remains to be
determined whether the noise was reduced by the electrical or mechanical properties of the
wire. Beside those quantitative differences, both configurations behave the same. Thus,
the same equations can be used, i.e. the simple equations of the grounded configuration
may be applied to the not grounded configuration.
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Figure 12.9.: Comparison of a measurement with a grounding wire attached to the test
mass and the following measurement with the wire cut off, but with controller
parameters left unchanged.
13. Conclusion
13.1. Summary
The equivalence of intertial and gravitational mass is one of the fundamental principles in
physics, yet waiting for its validation. Tests of the weak equivalence principle are therefore
of great importance. Over the last centuries many tests have been performed using different
kind of methods.
In part I of my thesis I gave an literary overview of experiments to test the WEP in the past,
present and future. They used different kind of methods: pendulums, torsion balances, free
fall experiments with macroscopic and microscopic test masses on ground and in space,
or the observation of orbit oscillations to reach accuracies up to η = 10−13. Only a few
free fall tests with macroscopic test masses have been performed. And the best of these
measured the WEP with an accuracy of η ≤ 10−10, which is not as accurate as other
methods. Further free fall experiments with longer free fall time and sensors with a higher
resolution are neccessary to reach the same level of accuracy.
In part II of my thesis, I described the first, already published WEP free fall experiment
with two macroscopic test masses and high sensitive SQUID sensors at the drop tower
Bremen. In 2001 it reached an accuracy of already η ≤ 10−7, although the SQUID sen-
sors could not yet be fully exploited. The main reason for this are the high demands on
the starting conditions of the test masses in the beginning of the free fall. Therefore, an
enhanced free fall experiment is planned. Its requirements are described in detail and taken
into account during development of the components. The actual status of each components
is given.
Part III of my thesis focuses on the development of one of these components. A prototype
of the EPS has been developed with the main goal to provide highly accurate starting con-
ditions for a text mass in axial direction for a free fall experiment to test the WEP with a
high accurracy. Its characerization was described in detail.
The EPS is based on the principle of a double plate capacitor, using the variation of the
gap between test mass and electrodes to measure the position of the test mass. By using
a digital PID controller, the EPS works as an acutator and positions the test mass to the
requested position. The EPS was developed and tested in a laboratory experiment under 1g
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conditions. Characteristic parameters have been defined. The working point of the system
has been analysed and an adjusting procedure for setting the optimal working point was
developed and tested. This guaranteed a comparable scale factor of the real value of the
system between different measurements.
Some disturbances and their influence on the EPS have been investigated. Some distur-
bances like the Paschen effect or the charging have to be taken into account in the design
and realisation of the components or the experimental set-up. Others like the drift of the
EPS and the drift of the laser system were measured and analysed to be neglectibly small.
An experimental set-up with a high precision balance was developed for measuring the
force exerted on the test mass by the electrode. The experiment gives a good determina-
tion of the maximum force, the maximum velocity and the maximum displacement of the
EPS in one time step. These values can be used for filtering or modelling the system.
A first model of the actuator process for the axial EPS with an open feedback loop was
calculated analytically for the case there is no back force, for example in the free fall ex-
periment, and for the case there is a back force caused by the suspension of the test mass,
for example in the laboratory experiment.
Then some measurements of the characteristic parameter were described and the first re-
sults were presented. The performance of the system is demonstrated for unfiltered and
filtered data. And finally the first results of the measurement of the system without a wire
connected to the test mass for electrically grounding were presented. They showed, that the
system still worked properly after the wire was cut off, although the controller parameters
had not been adjusted to the system without the wire.
13.2. Outlook
The characterization of the axial EPS showed some limitations of the system. The elec-
tronic unit is quite complex und therefore requires a fine adjustment of the controller pa-
rameters. A simpler system will reduce the effort in finding the optimal parameters.
The amplitude and phase transformer is a very complex component. And it has a large
influence on both sides of the controller unit. That makes it impossible to determinine the
capacitances and currents in the blockdiagramm theoretically or experimentally. Since the
PID controller is already implemented on the host PC, it would be a major simplification,
to measure the currents and phase values of the oscillating circuits in the beginning, right
before the amplitude and phase transformer and let them further be calculated by the host
pc. After modelling the feed back loop of the controller, it will be easy, to implement the
formulas into the programmed controller. Then the hardware can be reduced to a mini-
mum, making it faster and easier to improve and develop.
For further measurements of the position of the test mass, the adjustment procedure can be
improved by finding better solutions to adjust the different center positions. This is also
important for the later implementation of the SQUID sensor. The SQUID sensor has also
a center position, which has to be adjusted with the EPS center positions. In this case, it
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may be neccessary to strengthen the condition ∆~z≤ 300 nm used on page 62 to ensure that
the test masses will not leave the measurement range of the SQUID sensors.
The performance of the EPS and its position resolution can be improved by investigating
the frequencies of the system and its noise response. This information can be used for
optimizing the signal to noise ratio and the filtering of the data. It should be examined, if
there is a possibility to reduce the long settling time of the filter (because of its low fre-
quency range and high filter coefficients), for example by testing a multiplication with a
filter in the frequency range instead of a convolution with the transfer function of a filter
in the time range.
Furthermore, the experimental ambient can be improved by noise reducing and controling
temperature and humidity. Thus, in the next step, the system should be integrated into a
cryostat. This will also be necessary to test the EPS together with the SQUID sensor under
1g conditions in the laboratory and later in free fall experiments.
The development of the radial EPS for positioning the test mass in x- and y-direction (see
page 62) is another important task. Parallel to developing the radial EPS, the components
for a first prototype have been manufactured, an experimental test set-up has been devel-
oped (see fig. 13.1) and first pre-tests have been performed. The lessons learned with the
axial EPS will help for developing a prototype of the radial EPS. This should make the
development faster and easier, although there are more degrees of freedom to control.
Combining the axial EPS with the radial EPS will improve the conditions for the SQUID
sensors significantly. This will provide a major step in realising a free fall experiment with
macroscopic test masses for testing the WEP with an accuracy of up to η ≤ 10−13.
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Figure 13.1.: This photo shows the experimental set-up for the radial EPS for the inner
test mass from the top. In the middle of the two x-y-movable tables (colored
in black) the test mass (colored in silver) can be seen. It is suspended from
the top (connection is not visible) by one thread, which is hardly seen in this
photo. The position of the test mass is fixed in z-direction and free in x-
and y-direction. The carrier with the electrodes of the radial EPS (colored
in gold) is arranged around the test mass. A hugh number of small cables
(colored in black) for contacting the different electrodes is neccesarry. They
are fixed with red tape around the tables.
A. WEP results
A.1. Pendulum
Table A.1.: WEP experiments with pendulums
year experimentator Eötvös factor η reference
1687 Newton ≈ 10−3 [106]
1830 Bessel 2×10−5 [10, 11]
1909 Thomson 5×10−4 [160]
1910 Southerns 5×10−6 [152]
1923 Potter 2×10−5 bis 6×10−6 [127]
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A.2. Torsion balance
Table A.2.: WEP experiments with torsion balances
year experimentator Eötvös factor η reference
1889 Eötvös ηterr = 5×10−8 [46]
1891 Eötvös ηterr = 5×10−8 [47]
ηsolar = 6×10−9 [47]
1918 Zeeman ηterr = 5×10−8 [187]
1922 Eötvös et al. ηterr = 5×10−9 [48]
korr.: ηterr = 9×10−9 [135]
1927 Potter ηterr = 6.7×10−8 [128]
1935 Renner ηterr = 5.2×10−10 [133]
korr.: ηterr = 4.2×
10−10
[135]
1964 Roll et al. ηsolar ≤ 3×10−11 [135]
1972 Braginsky & Panov ηsolar = 9.0×10−13 [16]
1979 Keiser & Faller η f luid = 10−10 [75]
1982 Keiser & Faller η f luid = 4×10−11 [74]
1987 Thieberger η f luid < 1.3× 10−9
(WEP verletzt)
[159]
1988 Speake & Quinn ηbalken = 5.0×10−12 [153]
1989 Bizzeti et al. η f luid = 2.4×10−12 [12]
1989 Heckel et al. ηterr = 1.0×10−11 [62]
1989 Bennett ηterr = 5.3×10−12 [9]
1990 Adelberger et al. ηterr = 1.0×10−11 [1]
1994 Su et al. ηterr = 1.9×10−12 [155]
ηsolar = 1.2×10−12 [155]
ηDM < 1.0×10−3 [155]
ηCMB < 3.8×10−2 [155]
2008 Schlamminger et al. ηterr = 1.8×10−13 [144]
ηDM = 7×10−5 [144]
2003 Laboratory experiment:
GGG
ηterr? = 7×10−11 [110, 111, 114, 115]
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A.3. Free fall
Table A.3.: WEP experiments using free fall
year experimentator test masses Eötvös factor η reference
s1947 Estermann et al. atoms a few percents [49]
1951 McReynolds neutrons η = 4.0×10−2 [96]
1956 Dabbs et al. neutrons η = 4.0×10−3 [26]
1964 Cranshaw & Schiffer photons 2.0×10−2 [25]
1965 Pound & Snider photons η < 1.0×10−2 [129]
1967 Witteborn & Fair-
bank
electrons η < 9.0×10−2 [181]
1976 Koester neutrons 2.5×10−4 [78, 79]
1982 Worden macroscopic 1.0×10−4 [182]
1984 Sakuma macroscopic 1×10−8 [138]
1986 Cavasinni et al. rot. disk 1×10−10 [19]
1987 Niebauer et al. macroscopic η = 5×10−10 [107]
1988 Krauss & Tremaine neutrinos, photons 5×10−3 [81]
1989 Kuroda & Mio makroskopisch η = 1.0×10−10 [82, 83]
1992 Carusotto et al. rot. disk η = 7.2×10−10 [17]
1997 Peters et al. atoms 1.0×10−8 [124]
1999 Peters et al. atoms 3×10−9 [122]
2001 Dittus et al. & Vodel
et al.
macroscopic 1.7×10−7 [40, 109,
167]
2001 Peters et al. atoms 1×10−10 [123]
2004 Fray et al. atoms 1.2×10−7 [52]
2004 Walz & Hänsch anti matter 9.7×10−4 [174]
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A.4. Celestial orbit oscillations
Table A.4.: WEP experiments using observations of oscillations of celestial bodies
year experimentator method Eötvös factor η reference
1687 Newton Moon orbit oscillations 10−3 [30, 106]
1825 Laplace Moon orbit oscillations 2.9×10−7 [30, 84]
1908 Poincaré Moon orbit oscillations 2.0×10−8 [30, 125]
korr.: 1.7×10−8 [30]
1976 Shapiro et al. Lunar Laser Ranging 7×10−12 [146]
1976 Williams et al. Lunar Laser Ranging 1.5×10−11 [177]
1988 Nordtvedt Lunar Laser Ranging 5×10−13 [116,117]
1996 Williams et al. Lunar Laser Ranging η = 4.6×10−13 [178]
1998 Müller &
Nordtvedt
Lunar Laser Ranging† η ≤ 4.0×10−13 [104]
1999 Baeßler et al. Lunar Laser Ranging η = 4.4×10−13 [2, 7]
2001 Anderson &
Williams
Lunar Laser Ranging η = 1.5×10−13 [5]
2001 Nordtvedt Lunar Laser Ranging 2×10−13 [119]
2004 Williams Lunar Laser Ranging 1.4×10−13 [179]
2012 Williams et al. Lunar Laser Ranging 1.3×10−13 [180]
2012 Müller et al. Lunar Laser Ranging 1.6×10−13 [103]
†analysed with the same measurement data as in WILLIAMS ET AL. 1996
B. Calculation of the surface area of the
electrodes
For calculating the surface area of the electrodes,there was first made a rough estimation by
calculating the ring areas of the electrodes. Fig. B.1 shows the areas. The inner electrode
is used for detecting the position of test mass. The outer electrode is used for positioning
the test mass.
Figure B.1.: Drawing of the design of the electrodes for the axial EPS with the inner elec-
trode (light grey) and the outer electrode (dark grey).
Aout,est = pi · r2TM,out−pi · (rlaser,in +1/2 ·blaser,in)2 (B.1)
Ain,est = pi · (rlaser,in−1/2 ·blaser,in)2−pi · r2TM,in (B.2)
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For values of rTM,out = 7mm, rlaser,in = 5.6mm, blaser,in = 0.2mm sowie rTM,in = 5mm,
Figure B.2.: Design drawing of the electrodes for the axial EPS with the first rough estima-
tion of the ring areas of the inner electrode (light grey) and the outer electrode
(dark grey).
rlaser,in = 5.6mm and blaser,in = 0.2mm the areas are calculated:
Aout,est = 48.25mm2 (B.3)
Ain,est = 19.98mm2 (B.4)
Then the area for contacting the inner electrode (short: contact area) are calculated as ring
segments (see fig. B.3). It is added to the inner electrode and therefore calculated by:
Acontact,out =
γcontact,out
365◦
·
(
pi · r2TM,out−pi ·
(
rlaser,in +
1
2
blaser,in
)2)
(B.5)
And it is substracted from the outer electrode and therfore calculated by:
Acontact,in =
γcontact,in
365◦
·
(
pi · r2TM,out−pi ·
(
rlaser,in− 12blaser,in
)2)
(B.6)
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Figure B.3.: Design drawing of the electrodes for the axial EPS with the contact areas of
the inner electrode (light grey) and the outer electrode (dark grey) and the
contact area for the inner electrode (light grey,outlined in phantom) and the
recess in the outer electrode (white, outlined in phantom).
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For values of γcontact,out = 15◦, rTM,out = 7 mm, rlaser,in = 5.6 mm, blaser,in = 0.2 mm and
γcontact,in = 14◦ the areas are calculated:
Acontact,out = 3.48mm2 (B.7)
Acontact,in = 4.32mm2 (B.8)
Then the recesses in the outer electrode for the spacers (see fig. B.4) are calculated by:
Figure B.4.: Design drawing of the electrodes of the axial EPS with the first estimation
of the area of the inner electode (light grey) and of the outer electrode (dark
grey) and the recesses in the outer electrode for the spacers (white, outlined
in phantom).
Arecess,out = γrecess,out/365◦ · (pi · r2TM,out−pi · (rrecess,out−blaser,out)2) (B.9)
Using γrecess,out = 15◦, rTM,out = 7mm, rrecess,out = 7.65mm and blaser,out = 0.3mm the
following area for the recesses are calculated:
Arecess,out = 1.17mm2 (B.10)
For adjusting the ratio between the areas of the inner and the outer electrode, the indenta-
tions in the outer electrode and the bulges of the inner electrodes (see fig. B.5) are calcu-
lated by:
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Figure B.5.: Design drawing of the electrodes of the axial EPS with the area of the inner
electrode including the contact area (light grey), the area of the outer electrode
(dark grey), the bulges of the inner electrode (light grey, outlined in phantom)
and the recesses and indentations in the outer electrode (white, outlined in
phantom).
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Abulges,in =
γbulges,in
365◦
· (pi · r2laser,bulges,in−pi · (rlaser,in−blaser,in)2) (B.11)
Aindent,out =
γindent,out
365◦
· (pi · (rlaser,bulges,in +blaser,in)2 (B.12)
−pi · (rlaser,in +1/2blaser,in)2)
For values of γbulges,in = 12◦, rlaser,bulges,in = 6.15 mm, rlaser,in = 5.6 mm,
blaser,in = 0.2 mm sowie γbulges,out = 15◦, rlaser,in = 6.15 mm and blaser,in = 0.2 mm the areas
are calculated:
Abulges,in = 0.94mm2 (B.13)
Aindent,out = 1.17mm2 (B.14)
With all these calculated areas a more precise estimation of the areas of the electrodes can
be made (see fig. B.1):
Aouter = Aout,est−Acontact,out−3 ·Arecess,out−2 ·Aindent,out (B.15)
Ainner = Ain,est +Acontact,in +2 ·Abulges,in (B.16)
Thus, the area of the outer electrode is estimated to be:
Aouter = 48.25mm2−3.48mm2−3 ·1.17mm2−2 ·0,94 = 39.38mm2 (B.17)
And the area of the inner electrode is estimated to be:
Ainner = 19.98mm2 +4.32mm2 +2 ·0.94mm2 = 26.18mm2 (B.18)
C. Calculations
C.1. Solving eq. (8.16) for U
Here eq. (8.16) (see page 66) is solved for U :
1
2
ε0εrA ·U2 ·
(
1
(d0− z)2 −
1
(d0 + z)2
)
− m ·g
l
· z = 0 (C.1)
1
2
ε0εrA ·U2 ·
(
1
(d0− z)2 −
1
(d0 + z)2
)
=
m ·g
l
· z (C.2)
U2 ·
(
1
(d0− z)2 −
1
(d0 + z)2
)
=
2 ·m ·g
ε0εrA · l · z (C.3)
U2
(d0 + z)2− (d0− z)2
(d0− z)2(d0 + z)2 =
2 ·m ·g
ε0εrA · l · z (C.4)
U2
d20 +2d0z+ z
2−d20 +2d0z− z2
(d20− z2)2
=
2 ·m ·g
ε0εrA · l · z (C.5)
U2
4d0z
(d20− z2)2
=
2 ·m ·g
ε0εrA · l · z (C.6)
U2 =
2 ·m ·g
ε0εrA · l · z
(d20− z2)2
4d0z
(C.7)
U2 =
m ·g
2 · ε0εrA · l
(d20− z2)2
d0
(C.8)
U2 =
m ·g
2 · ε0εrA · l ·d0 (d
2
0− z2)2 (C.9)
U = ±
√
m ·g
2 · ε0εrA · l ·d (d
2
0− z2) (C.10)
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C.2. Solving eq. (11.23) for z
In this section (11.23)is solved for z. Therefore all terms containing z are sorted to the left
side, all others to the right side:
d0− z
d0 + z
=
kHV2 · (UAP2 +UPID)+Uoff2
kHV1 · (UAP1−UPID)+Uoff1 (C.11)
Multiplication with d0 + z gives:
d0− z = kHV2 · (UAP2 +UPID)+Uoff2kHV1 · (UAP1−UPID)+Uoff1 · (d0 + z) (C.12)
The right side is expanded:
d0− z = kHV2 · (UAP2 +UPID)+Uoff2kHV1 · (UAP1−UPID)+Uoff1 · z+
kHV2 · (UAP2 +UPID)+Uoff2
kHV1 · (UAP1−UPID)+Uoff1 ·d0 (C.13)
Then the terms containing z are sorted to the left side again:
− z− kHV2 · (UAP2 +UPID)+Uoff2
kHV1 · (UAP1−UPID)+Uoff1 · z =
kHV2 · (UAP2 +UPID)+Uoff2
kHV1 · (UAP1−UPID)+Uoff1 ·d0−d0 (C.14)
z and d0 are taken out:
z
(
−1− kHV2·(UAP2+UPID)+Uoff2kHV1·(UAP1−UPID)+Uoff1
)
=
(
kHV2·(UAP2+UPID)+Uoff2
kHV1·(UAP1−UPID)+Uoff1 −1
)
·d0 (C.15)
Dividing by the term independent from z on the left side gives:
z(UPID) =
(
kHV2·(UAP2+UPID)+Uoff2
kHV1·(UAP1−UPID)+Uoff1 −1
)
·d0
−1− kHV2·(UAP2+UPID)+Uoff2kHV1·(UAP1−UPID)+Uoff1
(C.16)
= −d0 ·
kHV2·(UAP2+UPID)+Uoff2
kHV1·(UAP1−UPID)+Uoff1 −1
kHV2·(UAP2+UPID)+Uoff2
kHV1·(UAP1−UPID)+Uoff1 +1
(C.17)
(C.18)
This equation can be rewritten as a function of the ratio of the high voltages UHV1 and
UHV2
z(UHV1,UHV2) =−d0 ·
UHV2
UHV1
−1
UHV1
UHV2
+1
. (C.19)
Finally it is further simplified to the requested eq. (11.24)
z(UPID) =−d0 · (kHV2 · (UAP2 +UPID)+Uoff2)− (kHV1 · (UAP−UPID)+Uoff1)
(kHV2 · (UAP +UPID)+Uoff2)+(kHV1 · (UAP−UPID)+Uoff1) (C.20)
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C.3. Solving eq. (11.31) for z as far as possible
For solving eq. (11.31) for z, all terms are rewritten with the same denominator:
0 = ε0 · εr ·A ·
(
(UHV 2)2 · (D2 + z)2(D
2 − z
)2 · (D2 + z)2 −
(UHV 1)2 · (D2 − z)2
(D2 + z)
2 · (D2 − z)2
)
−m ·g
l
· z · (
D
2 − z)2 · (D2 + z)2
(D2 − z)2 · (D2 + z)2
(C.21)
⇔ 0 = ε0 · εr ·A ·
(
(UHV 2)2 · (D2 + z)
2− (UHV 1)2 · (D2 − z)
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Auxiliary calculation 3:
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With the results from the auxiliary calculations, the following equation is obtained:
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This results in:
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D. Procedure for adjusting the optimal
working point
In this section the procedure for adjusting the optimal working point of the axial EPS
is discribed. This procedure produces a scale factor to convert the voltage signal into a
position signal and guarantees that it is comparable between different measurements.
1. Switch on all devices:
a) Switch on laser 1 and laser 2 and control their alignment. Their rays should be
emitted horizontally and hit the rod connected to the test mass at the white areas
coated to both sides of the rod. The rays should hit the white areas orthogonally
and horizontally in the middle. The laser system is used as a reference system
to measure the position of the test mass. Laser 1 should hit the white area in the
upper part, while laser 2 should hit it in the lower part, so there is a difference
in height of boths rays. This gives the possibility to measure the inclination of
the test mass by comparing the signals of both lasers. The signals of the lasers
are transfered as voltage signals to the measurement computer. The lasers need
a warming phase of about 30 minutes before they can measure reliably.
b) Switch on the temperature sensor and note the temperature. The temperature is
transfered as a voltage signal to the measurement computer.
c) Switch on the PXI computer1 (this is important for the right electrical poten-
tial).
d) Switch on the DDS (Direct Digital Synthesis, direkte digitale Synthese) and
adjust the frequency to f0 = 90.8 kHz by using the two buttons at the circuit
board (possible step ranges: 0.1 Hz, 1 Hz, 10 Hz or 100 Hz). The DDS chip
outputs a sinus signal with the adjusted frequency and an amplitude of A =
±6 V. This signal is compared by a phase dicriminator with the signal changed
by the system.
e) Switch on the oscilloscope and check the DDS signal, which should be shown
as line 1 (yellow line).
1PXI is an open, PC-based platform for test, measurement, and control from National Instruments Ger-
many GmbH.
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f) Switch on the LabView computer, start LabView and open the the measurement
programm in LabView.
g) Switch on the bias voltage for the relaise circuit board (± 12 V).
h) Output the real value signal before it goes into the phase discriminator and
check it with the oscilloscope as line 2 (blue line).
i) Switch on the high voltage supply of the HOPS and switch on the HOPS. They
have an influence on the electronical center position of the test mass.
2. Check the electronical shielding2
3. Adjust the test mass mechanically (see fig. 9.2):
a) Position the test mass optically (acording to visual judgment) in the middle
between both electrodes, so it can swing freely and has the same distance to
the spacers of the carriers to both sites.
b) Adjust the test mass in z-direction in the center between both electrodes .
Therefore use the micrometer srews for the z-direction on the front side of
the movable table and look from the top onto the test mass and the electrodes.
c) Minimize the rotation of the test mass around the y-axis. Therefore, use the
micrometer screws at the top of the suspension (optimally use one screw at a
time). The test mass should be parallel to the electrodes. For orientation look
from the top onto the test mass and the carriers of the axial electrodes.
d) Adjust the center of the test mass in y-direction (height) in the middle of the
electrodes. Use the micrometer srews at the top of the suspension (optimally
use all four screws at the same time in the same direction). For orientation,
look from the side on the test mass and the electrodes or through the electrodes
and the test mass.
e) Minimize the rotation of the test mass around the x-axis. Use the micrometer
screws at the top of the suspension (optimally two screws on one side in the
same direction). For orientation look from the side on the test mass and the
carriers of the axial electrodes. This step can be combined with step 3d.
f) Let the test mass swing freely, perhaps it is neccessary to stomp one feed to the
floor in front of the experiment to let the test mass swing, and check the real
value.
4. Adjust the test mass in the mechanical center position:
a) Move the movable table with the carriers of the axial electrodes by using the
2The electronical shielding should protect the experimental set-up from movements of the ambient air
in the laboratory (for example caused by ventilators of measurement devices or movements of Persons in
the laboratory) and guarantee a measurement environment with a constant electrical potential (see charging
effekt in sec. 10.3.7, page 94). It consists of plates made from copper, which shield the experimental set-up
on four sites and is connected to the grounding of the experiment.
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micrometer screws for the z-direction until the spacers of the right electrode
contacts the test mass. This happens, if the real value does not change any
more and the test mass does not swing any more. When the real value changes
further, if the table is moved further, this means, the electrode or the test mass
are not adjusted correctly (they are rotated around the x- or/and the y-axis) and
they have to be adjusted again. If electrode and test mass are correctly adjusted
and the real values does not change any more, note the value of the micrometer
screw.
b) Move the spacer of the other electrode to the test mass by using the movable
table as described in step 4a in the other direction and note the value of the
micrometer screw.
c) Calculate the average of both noted micrometer screw values3. Move the mov-
able table to this mechanical center position by using the micrometer screws.
Then the test mass is suspended in the mechanical center position between the
electrodes and their spacers.
5. Shut the electronic shielding (move down the copper plate in the front and connect
it to the grounding).
6. Determine the electronical center position:
a) Let the test mass swing freely, perhaps it is neccessary to stomp one feed to the
floor in front of the experiment to let the test mass swing, until the test mass
hits the spacers of both electrodes. Note the real values of both maximum
positions, they represent the measurement range (about 1.6 to 9.2 V) and their
average value gives the electronical center position (about 5.4 V).
7. Adjust the electronic center position with the mechanical center position:
a) The real value is adjusted to the electronic center position (determined in the
step above) by using the lower of the two condensators on the circuit board.
The condensator is a trim condensator and its value can be changed by turning
it with a screw driver. Use the signal of the real value before the phase discrim-
inator (displayed as the blue line on the oscillator in one of the steps above) for
adjusting. If the test mass swings slightly, the signal should have a symmetri-
cal curve of the amplitude in both directions. For determing the adjusted value,
let the system come to rest and read out the real value in the center position
at the oscilloscope or the Labview program. If this values does not fit to the
electronic center position, repeat this whole step.
3The difference of both values is the total distance between the test mass and the spacers of the electrodes
and should be 2 ·200µm= 400µm if spacers are manufactured correctly and the electrodes and the test mass
are adjusted correctly.
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Latin symbols
symbol unit description page of first
appearance
a [m/s] acceleration 33
A [-] material A 64
Abulges,in [m2] surface area of bulges for adjusting the surface
area of the inner electrode
138
Acontact,in [m2] surface of the contact area of the inner elec-
trode
136
Acontact,out [m2] surface area left out in the outer electrode for
the contact area of the inner electrode
134
Aindent,out [m2] surface area of indentations for adjusting the
surface area of the outer electrode
138
Ain,est [m2] first estimation of the surface area of the inner
test mass
134
Ainner [m2] surface area of the inner electrode 53
amax [m/s] maximal acceleration 107
Aout,est [m2] first estimation of the surface area of the outer
electrode
133
Aouter [m2] surface area of the outer electrode 53
Apass [dB] amplitude in the passing range of a filter 96
Arecess,out [m2] surface area of the recesses in the outer elec-
trode for the spacers
136
Astop [dB] amplitude in the filtering range of a filter 96
AT M [m2] bottom surface area of the test mass 105
B [-] material B 8
blaser,in [m] width of the laserline between inner and outer
electrode
133
blaser,out [m] width of the laserline outside the outer elec-
trode
136
C [F] capacity 64
Ca1 [F] adjustable capacitor in the upper circuit of the
measuring bridge of the EPS
74
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symbol unit description page of first
appearance
Ca2 [F] adjustable capacitor in the lover circuit of the
measuring bridge of the EPS
74
Cmax [F] maximal capacitance between the test mass
and one electrode
107
Cs [F] Capacity of the secoundary capacitor behind
the transformer of the EPS
76
Cz1 [-] capacitor existing of electrode E1 and the test
mass
74
Cz2 [-] capacitor existing of electrode E2 and the test
mass
74
d [m] gap between test mass and electrode 64
D [m] sum of the gaps between the testmass and the
electrodes
63
d0 [m] gap between test mass at the center position
and one electrode
62
d1 [m] gap between test mass and electrode E1 63
d1,max [m] maximal gap between test mass and electrode
E1
107
d2 [m] gap between test mass and electrode E2 63
d2,min [m] minimal gap between test mass and electrode
E2
107
DRC [µm/V] dynamic range coefficient is defined as the ra-
tio between the change in the position of test
mass dz and the change of the set-point value
dVset:
83
E [J]§ energy 64
F [N] force in z-direction exerted on the test mass by
both electrodes
64
f0 [Hz] frequency of the DDS-chip of the EPS 74
F1 [N] force exerted on the test mass by electrode E1
in z-direction
64
F1,max [N] maximum value of the force exerted to the test
mass in z-direction by electrode E1
107
F2 [N] force exerted on the test mass by electrode E2
in z-direction
64
F2,min [N] minimum value of the force exerted on the test
mass by electrode E2 in z-direction
107
Fback [N] back force exerted on the test mass in -z-
direction by the gravitational force due to the
suspension under 1g-conditions
65
§J = N ·m = kg·m2s2
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Fcorr [N] one dimensional force to correct the theoreti-
cal force for fitting the measured force exerted
to the test mass by the EPS
106
Fmax [N] maximum value of the force exerted on the
test mass in z-direction
107
Freal [N] measured force exerted on the test mass by the
EPS in z-direction
106
Fres [N] resulting force exerted on the test mass in z-
direction
66
fsamp [Hz] sampling frequency of the EPS 95
fsignal [Hz] frequencies of the signals used in the EPS 95
Ftheo [N] absolute value of the theoretically calculated
force exerted on the test mass by the EPS
105
g [m3/(kg s2)] gravitation constant 28
~g [m3/(kg s2)] (vector of the) gravitational acceleration 62
g0 [m3/(kg s2)] local gravitation constant 39
gmicro [m3/(kg s2)] gravitation constant for a microscopic test-
mass
17
gmacro [m3/(kg s2)] gravitation constant for a macroscopic test-
masss
17
I [A] current 27
I0 [A] pick-up current (of the SQUID-system) 27
I1 [A] current in upper circuit of the measuring
bridge of the EPS
76
I2 [A] current in lower circuit of the measuring
bridge of the EPS
76
Imax [A] maximal pick-up current 27
kcorr [N/V2] experimentely determined correcting constant
for the correcting force kcorr of the EPS
106
kground [µm/mV] scale factor to convert EPS signals from volt-
age into position units for an EPS with a wire
connected to the test mass
85
kHV [-] scale factor between the actuating voltage and
the high voltage of the HOPS
77
kHV1 [-] scale factor between the actuating voltage and
the high voltage of the HOPS 1
77
kHV2 [-] scale factor between the actuating voltage and
the high voltage of the HOPS 2
77
kLaser [mm/V] proportionality constant of the laser sensor
modules
78
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kunground [µm/mV] scale factor to convert EPS signals from volt-
age into position units for an EPS without a
wire connected to the test mass
123
L0 [H]¶ inductivity 43
L1 [H] one of the primary coils of the transformer of
the EPS
74
L2 [H] one of the primary coils of the transformer of
the EPS
74
L3 [H] one of the secoundary coils of the transformer
of the EPS
76
L4 [H] one of the secoundary coils of the transformer
of the EPS
76
m [kg] mass 109
M2 [-] diffraction index as a value of beam quality of
the laser sensor module
51
mg [kg] gravitational mass 8
mi [kg] inertial mass 8
Q [C] charge saved in a capacitor 64
~R [m] distance of a test mass from a pointmass
source
33
rlaser,in [m] radius of the laserline between inner and outer
electrode
133
rlaser,bulges,in [m] radius of the laserline between inner and outer
electrode at the bulges of the inner electrode
138
rrecess,out [m] radius of the laserline outside of the outer
electrode at the recesses in the outer electrode
for the spacers
136
rTM,in [m] inner radius of the test mass 134
rTM,out [m] outer radius of the test mass 133
s [m] distance moved by the test mass 109
SEN [U/µm] sensitivity of the EPS is defined as the ratio
between the change of the real value dUreal
and the change of the position of the test mass
dz
83
smax [m] maximal distance travelled in the first time
step of positioning
108
t [s] time 81
t1 [s] time point when the set-point of the EPS is
changed to a new lalue
81
¶H = kg·m
2
A2·s2 =
Vs
A
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t2 [s] time point when the signal of the test mass
position has reached the noise level, which
means the mass is positionend properly
81
Tc [K] critical temperature 46
TCelsius [K] temperature in degree Celsius 97
TKelvin [K] temperature in Kelvin 97
tm [s] measurement time 28
ts [s] duration of one time step (ts = 0.004s at a
sampling rate of 250Hz)
107
Tvolt [V] temperature in Volt 97
U [V] voltage 64
Uact [V] input voltage of a HOPS (HOPS 1 or HOPS
2)
77
Uact1 [V] input voltage of the HOPS 1 76
Uact2 [V] input voltage of the HOPS 2 76
UAP [V] working point voltage for the electrodes 77
UAP1 [V] working point voltage for electrode E1 76
UAP2 [V] working point voltage for electrode E2 77
Ucrit [V] critical voltage over whitch the positioning
gets unstable
66
UHV [V] high voltage of a HOPS 77
UHV1 [V] high voltage of HOPS 1 77
UHV2 [V] high voltage of HOPS 2 77
UHV,ideal [V] ideal high voltage of a HOPS 77
Ulaser [V] voltage signal combined of Ulaser1 and Ulaser2 91
Ulaser1 [V] voltage signal of laser 1 77
Ulaser2 [V] voltage signal of laser 2 77
Uoff [V] offset voltage of one HOPS 77
Uoff1 [V] offset voltage of HOPS 1 77
Uoff2 [V] offset voltage of HOPS 2 77
UPID [V] voltage of the PID controller 108
Ureal [V] voltage signal of the real value 76
Uset [V] voltage of the set point 76
U1 [V] voltage of the upper circuit of the measuring
bridge of the EPS
74
U2 [V] voltage of the lower circuit of the measuring
bridge of the EPS
74
v [m/s] velocity 109
U1,min [V] minimal voltage at electrode E1 107
U2,max [V] maximum voltage at electrode E2 107
v0 [m/s] initial velocity (at time t = 0) 109
W [J] energy saved in a capacitor 64
170 Symbols
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x [m] position of the center of the test mass in one
of the radial directions
73
xmax [m] maximum movement of the test mass allowed
during the measuring time
34
y [m] position of the center of the test mass in one
of the radial directions
73
z [m] position of the center of the test mass in axial
direction
73
z0 [m] initial position of the center of the test mass in
axial direction
64
zcrit [m] critical distance between test mass and elec-
trode under which the positioning gets unsta-
ble
66
zn [m] position of the test mass after n time steps
(with n = 1,2,3, ...)
109
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α [1/T] expansion coefficient 47
β [◦] displacement angle of the test mass in a
pendulum
65
γbulges,in [◦] angle for the areas of the bulges in the inner
electrode
138
γbulges,out [◦] angle of the areas of the bulges in the outer
electrode
138
γcontact,in [◦] angle of the contact area added to the inner
electrode
136
γcontact,out [◦] angle of the contact area substracted from
the outer electrode
134
γindent,out [◦] angle of area of the indentations of the
outer electrode
138
γrecess,out [◦] angle of the area of the recesses in the outer
electrode
136
∆a [m/s2] differential acceleration of two test bodies 28
∆az [m/s2] differencial acceleration in z-direction in-
duced between two test masses
33
∆ϕ [◦] phase difference 76
δΦSQUID,theor [Φ0/
√
Hz] theoretical spectral flux density of a
SQUID
27
∆ρ [kg/m3] difference in density 32
∆U [V] difference in voltage 78
∆Ureal [V] difference in voltage of a real value 123
∆v0 [m/s] difference in starting velocities of two test
masses
31
∆vmax [m/s] maximum velocity of the test mass after
positioning for one time step
108
δx [m/
√
Hz] position resolution 28
∆x0 [m] difference in initial position in x-direction 31
δxexp [m/
√
Hz] position resolution measured experimen-
tally
34
∆z [m] position resolution in z-direction 26
δ z [m/
√
Hz] position resolution in z-direction 31
∆~z [m] difference in position in z-direction of the
centers of two test masses
62
∆zlaser [mm] change in position of the test mass mea-
sured by the laser system
78
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ε0 [A s/(V m)] permitivity of vacuum (ε0 = 8.85× 10−12
As/(Vm))
64
εr [-] relative permitivity in air (εr = 1.00059) 64
η [-] dimension less quality to measure the
equivalence between gravitational and in-
ertial mass, often called Eötvös factor
8
ηCMB [-] Eötvös-factor with respect to the cosmic
microwave background
15
ηDM [-] Eötvös-factor with respect to dark matter 15
ηsolar [-] Eötvös factor with respect to the sun 14
ηterr [-] Eötvös factor with respect to the earth 15
ρ [kg/m3] density 32
ση [-] accuracy of η 28
Φ [Vs] magnetic flux 43
ϕ0 [◦] phase of the signal of the DDS-chip of the
EPS
74
Φ0 [Vs] magnetic flux quantum Φ0 = 2×10−15 Vs
[109]
27
ϕs [◦] phase after the transformer shifted against
ϕ0
76
χdi f f [-] suszeptibility of the differential accelera-
tion
33
Abbreviations
abbreviation description page of first
appearance
ADC analog/digital-converter 76
AEgIS Antimatter Experiment: Gravity, Interferometry, Spec-
troscopy (project at CERN)
18
BEC Bose-Einstein-Condensat 18
BIAS Bremer Institut für angewandte Strahltechnik, University of
Bremen
45
CERN European Organization for Nuclear Research 18
Organisation Européene pour la Recerche Nucléaire
CNES Centre National d’Etudes Spatiales 19
CNRS Centre National de la Recherche Scientifique 19
CVC Capacitance to Voltage Converter 60
DAC digital/analog-converter 77
DAQ Data AcQuisition 76
DC-SQUID Direct Current - Superconductive QUantum Interference
Device
25
DDS chip Direct Digital Synthesis chip 74
DFG Deutsche Forschungsgemeinschaft 28
DLR Deutsches Zentrum für Luft- und Raumfahrt der
Helmholtzgesellschaft
25
E1 electrode E1 63
E2 electrode E2 63
EEP Einsteinian Equivalence Principle 7
EPS Electrostatic Positioning System 1
FIR filter Finite Impulse Responce filter 96
FSU Friedrich-Schiller-University of Jena 1
GBAR Gravitational Behaviour of Antihydrogen at Rest 18
GG Galileo Galilei (italian space mission) 15
GGG GG on Ground 15
GReAT General Relativity Accuracy Test 18
HOPS High Voltage Power Supplies 73
IMSAS Institut für Mikrosensoren, -aktoren und -systeme, Univer-
sity of Bremen
51
JPL Jet Propulsion Laboratory, California, USA 20
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Lisa Laser Interferometer Space Antenna 60
LLR Lunar Laser Ranging 8
LLI Local Lorentz Invariance 7
LPI Local Position Invariance 7
LTS-DC-SQUID Low Temperature Superconductor - Direct Current -
Superconductive QUantum Interference Device
27
MICROSCOPE MICRO Satellite à traînée Compensée pour l’Observation
du Principe d’Équivalence
19
NASA National Aeronautics and Space Administration 16
NEP Newton’s Equivalence Principle 7
Nd:YAG Neodymium-doped Yttrium Aluminium Garnet Laser 51
OCA Observatoire de la Cote d’Azur 19
ONERA Office National d’Études et de Recherches Aérospatiales,
Châtillon, France
19
PID Proportional Integral Derivative 74
POEM Principle of Equivalence Measurment 18
PRIMUS Prism Multi Object Survey 18
PTB Physikalisch-Technische Bundesanstalt, Braunschweig 40
QUANTUS QUANTengase Unter Schwerelosigkeit 18
SAA South Atlantic Anomaly 95
SEE Satelite Energy Exchange 19
SEP strong equivalence principle 8
SQUID Supraconducting Quantum Interference Device 1
SR-POEM Sounding Rocket POEM, see POEM 18
STEP Satellite Test of the Equivalence Principle 19
TM test mass 1
UFF Universality of Free Fall 1
WEP weak equivalence principle 1
ZARM Zentrum für Angewandte Raumfahrttechnologie und
Mikrogravitation, Universität Bremen
1
Center of Applied Space Technology and Mikrogravitation,
University of Bremen
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